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AN ANAEROBIC TREATMENT MODEL APPROACH FOR INDUSTRIAL 
WASTEWATER TREATMENT: CASE STUDY FOR FULL SCALE 
ANADOLU EFES WASTEWATER TREATMENT ANAEROBIC 
MODELING 
SUMMARY 
Everyday, a new wastewater treatment plant has been built and investments are made 
according to regulations. But also, correct and efficiently operation of the treatment 
plant is a growing problem with these investments. Therefore, some tools such as 
models of the treatement plants are needed for the supporting and controlling of the 
operation conditions. These models can formulate operational and control strategies 
for the system. Good strategies will reduce operating costs, improve process stability 
and enhance treatment efficiency. 
In this thesis, a new model was developed for anaerobic wastewater treatment plants 
and simulated for brewery anaerobic wastewater treatment plant under steady-state 
and dynamic conditions. In this model, a single hydrolysis process and end product 
were included. This end product was chosen to be the ideal carbohydrate as 
“glucose”. Based on substrate of glucose, the model includes all biochemical 
(hydrolysis, acidogenesis, acetogenesis and methanogenesis) processes, physico 
chemical (liquid-liquid process and liquid-gas transfer) processes and a process to 
describe the stripping of biogas components. Also, in this model butyrate and butyric 
acid are neglected and we considered acetate and propionate as VFA concentration 
for brewery wastewater. 
The results of model were evaluated with the exist operating conditions of the plant 
and we could have main idea about the real operation conditions what must be. Also 
unique parameter were found for brewery wastewater using EGSB reactor. 
After this work that we can say; this model is suitable for directly integration to ASM 
modeling. It is not only to use sludge stabilization also it can be used for wastewater 
anaerobic treatment processes. This study is succesfully implemented in the dynamic 
simulation for brewery wastewater.  
With this study in the future studies, the stoichiometry and other COD fractions (Bu, 
Va etc.) can be extended and it can be developed for other industries’s anaerobic 
wastewater treatment plant 
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ENDÜSTRİYEL ATIKSULAR İÇİN ANAEROBİK ARITMA MODEL 
YAKLAŞIMI: ÖRNEK ÇALIŞMA ANADOLU EFES ATIKSU ARITMA 
TESİSİNİN MODELLEMESİ 
ÖZET 
Her geçen gün, yönetmeliklere bağlı olarak yeni bir atıksu arıtma tesisi yatırımı 
yapılmaktadır. Ayrıca, bu tesislerin doğru ve verimli işletilmesi de bu yatırımlarla 
giderek büyüyen bir sorundur. Bu nedenle, işletme koşullarına yardımcı olmak ve 
kontrol etmek için arıtma tesisinin modelleri gibi yardımcı araçlara ihtiyaç vardır 
Anaerobik arıtma prosesi, yüzyılı aşkın bir süredir yüksek kirliliğe sahip evsel ve 
endüstriyel atıksuların arıtılmasında kullanılan bir prosestir. Bu proses, organik 
maddeleri net bir enerji kaynağı olabilecek metan gazına dönüştürür. 
Anaerobik arıtma prosesinin dinamik matematik modelleri, bu sistemler içindeki 
karmaşık ekosistem anlayışını geliştirmek ve giriş atıksu ile çalışma koşullarında ki 
değişikliklere sistemin cevabını tahmin etmek için geliştirilmiştir. Bu modeller, 
sistem için işletmeyi ve kontrol stratejilerini formüle edebilir. İyi stratejiler, işletme 
maliyetlerini azaltacak, proses kararlılığını geliştirecek ve arıtma verimliliğini 
arttıracaktır. 
Bir modelin diğer potansiyel kullanım yerleri, yeni bir reaktör tasarımının 
değerlendirilmesinde, kötü çalışma sistemlerinin tanımlanmasında, performans ve 
işletme maliyetleri tahminlerinde ve yüklerin artması ile prosesdeki değişikliklerin 
karar verilmesi ve kontrol edilmesinde kullanılabilir.  
Öncelikle her bir hücreyi, her su molekülünü ve prosesin her detayını açıklayan bir 
model asla geliştirilemez. Modeller, gerçek durumu anlamak ve onunla ilgili 
çalışmak için gerçeği tanımlayacak şekilde basitleştirilmesi için kullanılır. 
Anaerobik arıtmanın veya anaerobik çürütmenin optimizasyonu ve işletmenin, 
beslemenin değişmesi ve koşullarının değişen bir fonksiyonu olarak 
değerlendirilmesi önemli hedeflerdir ve bunlar uygun modeller kullanılarak takip 
edileblir. Bu modeller, kararlı durum modelleri olabilir. 
(i) İstenen bir sistem performansı için, alıkonma süresi, reaktör hacmi, gaz 
üretimi ve kompozisyonu tahmin etmek 
(ii) Çeşitli parametreler için sistem performansının duyarlılığını araştırmak 
(iii) Simülasyon sonuçları ve tesis performanının çapraz kontolünü sağlamak ve  
(iv) Çürütme prosesinin, yukarı veya aşağı akışlı AAT’nin işletilmesinde dizaynı 
nasıl etkilediğini belirlemekde yardımcı olmaktadır.  
Sistemin, zaman bazlı olarak, atıksu debisi veya kompozisyonu, sıcaklık, inhibisyon, 
pH, v.b işletme parametrelerindeki ani veya sürekli olabilecek değişikliklere karşı 
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nasıl bir tepki gösterdiğini tahmin etmek için daha karmaşık dinamik modeller, tesis 
modellemesine entegre edilebilir. 
Karbonhidrat bazlı atıksuların anaerobik arıtılması için dinamik modeller 1980 li 
yıllardan itibaren gelişmiş ve bu modelleme çalışmaları Uluslararası Su Birliği 
(IWA) tarafından Anaerobik Çürütme Modeli (ADM No 1)’nin yayınlanması ile 
sonuçlanmıştır.  
Bu tezde, anaerobik atıksu arıtma tesisleri için yeni bir model geliştirilmiş ve tam 
ölçekli bira endüstrisi anaerobik atıksu arıtma tesisi için uygulanmıştır. Çalışmanın 
amacı ilk önce anaerobik bir model oluşturmak, modeli kararlı durumda kalibre 
etmek ve tam ölçekli sistemde uygulamak için prosesi ve şartları araştırmaktır. 
Bu model oluşturulurken, literatürde daha önce oluşturulmuş ve çalışılmış olan 
modeller araştırılmış, incelenmiş ve bu anaerobik çürütme modellerindeki prosesler 
dikkate alınarak anaerobik arıtma ve bira endüstrisi için en uygun hale indirgenerek 
hazırlanmıştır. 
Bu modelde, ADM1 deki gibi, atıksu içerisindeki yağlar, karbonhidratlar ve 
proteinler gibi büyük organik moleküllerin ayrı ayrı ölçümünün çok mümkün 
olmaması ve zor olmasından ötürü atıksu içerisindeki organik kirliliğin karbonhidrat 
bazlı olduğu kabul edilmiştir. Böylece bu organik maddelerin ayrı ayrı hidrolizi 
sonucu oluşak üç ayrı hidroliz ürününe artık ihtiyaç duyulmamıştır. Böylece 
karbonhidrat bazlı atıksuyun tek bir hidroliz prosesi ve son ürünü kabul edilmiştir. 
Son ürün olarak, ideal bir karbonhidrat olan “glukoz” kabul edilmiştir. Ayrıca, 
sistemde glukoz bozulma şartlarında bile birikmez.  
Gujer and Zehnder anaerobik reaksiyon şemasında, sabit bir miktardaki hidroliz son 
ürünü ara ürün kısa zincirli yağ asitlerine (propiyonat, bütirat v.b) ve kalanıda direk 
olarak asetata dönüşür. Aynı zamanda, Ian R Ramsay in çalışmasına göre, bira 
endüstrisi atıksuyunda, belli bir zamanda asetik ve propiyonik asitin karşılaştırılması 
iyi bir şekilde tahmin edilebilir ancak bütrik asitin tahmin edilmesi iyi değildir. Bu 
nedenle bu modelde, bira atıksuyu için, bütirat ve bütrik asit ihmal edilmiş ve UYA 
olarak asetat ve propiyonat dikkate alınmıştır. 
Hidroliz adımından sonra glukoz asetat ve propiyanata dönüşür. Bu adıma asidojenik 
porosesi denir. Üçüncü adımda, propiyonat asetat ve hidrojene dönüşür. Daha sonra 
bu asetat karbondioksit ve metana dönüşür. Bu biyogazın üretilmeye başladığı 
anlamın gelmektedir. Son adımda ise, sistemde üretilen karbondioksit ve hidrojen 
metana dönüşür. Tüm bu reaksiyonlar biyokimyasal reaksiyonlardır (hidroliz, 
asidojenik, acetat oluşumu ve methan oluşumu prosesleri) ve model bu reaksiyonları 
içermektedir. Aynı zamanda, fiziko kimyasal (sıvı-sıvı geçiş prosesi ve sıvı-gaz 
transferi) proseslerini ve biyogaz bileşenlerinin sıyrılması diye tanımlanan biyogaz 
oluşumunu gösteren prosesi de içermektedir. Prosesler hidroliz ya da organizma 
gruplarının büyüme prosesleri olarak formüle edildi. Tüm organizma gruplarının 
içsel solunuma tabi olduğu kabul edilerek, her bir grup için içsel solunum kütle 
kaybıda modelde gösterilmiştir.  
Proseslerin reaksiyon kinetiği, hidroliz için birinci derece kinetik reaksiyonu, diğer 
kalan dört mikroorganizma büyüme prosesi için ise Monod tip kinetik reaksiyonu 
kabul edilmiştir. 
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Bira endüstrisi, yüksek miktarlarda organik kirletici içeren büyük miktarlarda atıksu 
oluşturmktadır. Bu atıksuların en az maliyetle ve yöentmeliklere uygun olraka 
arıtılması gerekmektedir. Her litre bira için yaklaşık 4-10 litre su, mayalama, yıkama 
ve soğutma proseslerinde kullanılmakta ve 3-9 litre atıksu oluşmaktadır. 
Genellikle bira atıksuyu, yüksek toplam biyokimyasal oksijen ihtiyacı (TBOİ) ve 
toplam kimyasal oksijen ihtiyacı (TKOİ) ve toplam askıda katı madde olarak 
karakterize edilebilir. 
Bira atıksuyunun toplam KOİ içeriği biyolojik olarak bozunabilen ve bozunamayan 
olarak ayrılmaktadır. Atıksuyun, biyoljik olarak bozunabilen kısmı yüksek olup 
toplam KOİ nin %96 ‘sıdır. 
Atıksu arıtma tesisinin modellemesi çalışması kapsamında, tam ölçekli tesis olarak, 
Anadolu Efes Lüleburgaz, biyolojik atıksu arıtma tesisi seçilmiştir. Anadolu Efes 
79% ‘luk pazar payı ile Türkiye’de sektöründe lider konumundadır. Anadolu Efes 
biyolojik atıksu arıtma tesisi aerobik ve anaerobik arıtma proseslerini içermektedir. 
Tesisde, anaerobik arıtma için “Genleşmeli Granül Çamur” (EGSB) tip anaerobik 
reaktör kullanılmaktadır. Bu reaktör 337 m3’lük bir kapasiteye sahiptir.  
Böylece; 
 İlk olarak tesisin 2010 yılı için atıksu karakteristiği analiz sonuçları 
kullanılmıştır. 
 Literatürdeki modeller kullanılarak ve uygulanabilir halde basitleştirilerek 
bira endüstrisi atıksuyu anaerobik arıtma prosesi için yeni bir model 
geliştirilmiş. 
 Daha sonra, tesis geliştirilen model ile kararlı durumda (yıllık ortalama atıksu 
sonuçlarına göre) modellenmiştir. Bu kararlı durum modellemesi sonuçlarına 
göre, bira endüstrisi için kinetik ve stokiyometrik değerler belirlenmiştir. 
Daha sonra elde edilen değerler ile, tesis bir yıllık süre için günlük veriler ile 
simule edilerek sonuçlar elde edilmiştir. 
Model sonuçları, tesisin mevcut işletme şartları ile karşılaştırılmış ve gerçek işletme 
koşullarının ne olması ile ilgili ana bir fikir elde edilmiştir.. 
Bu çalışma sonucunda, modelin tam ölçekli bir tesisde dinamik simülasyonun 
başarılı bir şekilde yapıldığını söyleyebiliriz. Genleşmeli granül çamur reaktörü 
kullanılarak, bira endüstrisi atıksuyuna özgün parametreler bulunmuştur ve bunlar 
daha sonraki çalışmalar için kullanılabilir. Bu sonuçlar tesisin ayrıca enerji 
verimliliği ve işletme koşullarının optimizasyonu içinde kullanılabilir. Yağlar, 
karbonhidratlar, proteinler gibi detaylı bir atıksu karakterizasyonuna gerek 
duyulmamıştır.  
Bu çalışmadan sonra, bu modelin ASM modellerine direk olarak entegrasyonun 
uygun olduğu söyleyebiliriz. Ayrıca bu model sadece çamur stabilizasyonunda 
kullanmak için değil, atıksu anaerobik arıtma prosesleri içinde kullanılabilir. 
Bu çalışma ile gelecek çalışmalarda, stokiyometrisi ve diğer KOİ fraksiyonları (Bu, 
Va v.b) genişletilebilir ve diğer endüstrilerin anaerobik arıtma tesisleri için 
geliştirilebilir.  
 
1 
 
1.  INTRODUCTION 
1.1 Aim of Study 
Anaerobic processes have been used for the treatment of concentrated municipal and 
industrial wastewaters for well over a century. These processes convert organic 
materials into methane, a fuel that can yield a net energy gain from process 
operations. Because of recent advances in treatment technology and knowledge of 
process microbiology, applications are now extensive for treatment of dilute 
industrial wastewaters as well. 
Dynamic mathematical models of the anaerobic treatment process have been 
developed to improve understanding of the complex ecosystem within these systems 
and to predict the response of the system to changes in influent and operating 
conditions. Mathematical models can serve as a tool to formulate operational and 
control strategies for the system. Good strategies will reduce operating costs, 
improve process stability, and enhance treatment efficiency and throughput. Other 
potential uses of a model include assessment of new reactor designs, diagnosis of 
poorly performing systems, performance and operating cost predictions for loading 
increases from processing plant upgrades, and as soft sensors in decision support 
systems for plant operation. Dynamic mathematical models for anaerobic treatment 
of carbohydrate-based wastewater have been developed since the early 1980s and 
these modeling efforts culminated with the publication of Anaerobic Digestion 
Model No. 1 (ADM No. 1) by the International Water Association (Batstone et al. 
2002).  
In this study a model was developed for an industrial wastewater and it is applied to 
a full-scale plant treating brewery wastewater. The objectives of the study were to 
first to build an anaerobic model, investigate the process and requirements for 
calibrating the model at steady state and to apply to a full-scale system.  
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1.2 Scope of the Study 
Everyday, a new wastewater treatment plant has been built and investments are made 
according to regulations. But also, correct and efficiently operation of the treatment 
plant is a growing problem with these investments. To provide the discarge standart 
is not a big problem actual problem is to provide these discharge standarts with 
correct and efficiently operation with less energy consumption. Therefore, some 
tools are needed for the supporting and controlling of the operation conditions.  
The scope of this thesis, developing a new model and to simulate the brewery 
anaerobic wastewater treatment plant under steady-state and dynamic conditions. 
The results are evaluated with the exist operating conditions andunique parameter 
subsets were found for brewery wastewater using EGSB reactor. To use this newly 
built model will enable to check the dynamic loadings on the overall systems 
performance.  
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2.  LITERATURE 
2.1 Introduction 
The optimisation of the anaerobic treatment or AD and the assessment of its 
operation as a function of varying feed or operating conditions are important 
objectives and can be pursued by using appropriate digestion models. These models 
can be of steady-state model 
(v) to estimate retention time, reactor volume, gas production and composition 
for a requested system performance,  
(vi) to investigate the sensitivity of the system performance to various parameters, 
(vii)  to provide cross-checking of simulation results and plant performance, and  
(viii) to determine how the digestion process can affect the design of upstream or 
downstream WWTP operations. 
More complex dynamic models could be integrated in plantwide modelling, 
predicting on a time basis how the system will react to sudden or progressive 
changes in operating parameters of feedstock flow rate and composition, 
temperature, inhibition, pH, etc. 
The number of models presented in literature is extensive, and often of very specific 
nature. The most frequently used model, ADM1 developed by the IWA, forms a 
good basis and is often used in expanded models, as proposed by, e.g. Sötemann et 
al.. Simpler models for digestion have been proposed by, e.g. Bala, Siegrist and 
others. 
2.2 The Anaerobic Treatment Process 
The fermentation process in which organic material is degraded and biogas 
(composed of mainly methane and carbon dioxide) is produced, is referred to as 
anaerobic digestion. Anaerobic digestion processes occur in many places where 
organic material is available and redox potential is low (zero oxygen). 
Anaerobic treatment itself is very effective in removing biodegradable organic 
compounds leaving mineralised compounds like NH4
+
, PO4
3-
, S
2-
 in the solution. 
Anaerobic treatment can be conducted in tecnically plain systems, and the process 
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can be applied at any scale and at almost any place. Moreover the amount of excess 
sludge produced is very small and well stabilised, even having a market value when 
the so-called granular anaerobic sludge is produced in the bioreactor. Moreover, 
useful energy in the form of biogas is produced instead of high-grade energy 
consumed. Accepting that anaerobic digestion in fact merely removes organic 
pollutants, there are virtually few if any serious drawbacks left, even not with respect 
to the rate of start-up of the system. Figure 3.1 shows the fate of carbon and energy 
in both aerobic and anaerobic wastewater treatment (AnWT) assuming that the 
oxidation of 1 kg COD requires 1 kWh of aeration energy. In contrast to anaerobic 
treatment, aerobic tratment is generally characterised by high operational costs 
(energy) , while a very large fraction of the waste is converted to another type of 
waste (sludge). Aerobic treatment in a conventional activated sludge process yields 
about 50% (or more) new sludge from the COD converted, which requires further 
treatment, e.g. anaerobic digestion, before it is reused, disposed off or incinerated. 
The carbon/energy flow principles of aerobic and anaerobic bioconversion largely 
affect the set up of the corresponding wastewater treatment tecnology. Many 
different types of organically polluted wastewaters, even those that were previously 
belived not to be suitable for AnWT, are now treated by anaerobic high-rate 
conversion processes. 
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Figure 2.1: Fate of carbon and energy in aerobic (above) and anaerobic (below)                                
 wastewater treatment (Biological ww treatment, IWA Publishing). 
Analysing the reasons why the selection for AnWT was made, the following striking 
advantages of AnWT over conventional aerobic treatment system can be given; 
 Reduction of excess sludge production up to 90%. 
 Up to 90% reduction in space requirement when using expanded sludge bed 
systems. 
 High applicable COD loading rates reaching 20-35 kg COD per m3 of reactor 
per day, requiring smaller reactor volumes. 
 No use of fossil fuels for treatment, saving about 1kWh/kgCOD removed, 
depending on aeration efficiency. 
 Production of about 13.5 MJ CH4energy/kgCOD removed, giving 1.5 kWh 
electricity (assuming 40% electric conversion efficiency) 
 Rapid start up (< 1 week ), using granular anaerobic sludge as seed material. 
 No or very little use of chemicals. 
 Plain technology with high treatment efficiencies. 
 Anaerobic sludge can be stored unfed, reactors can be operated during 
agricultural campaigns only (e.g. 4 months per year in the sugar industry). 
 Excess sludge has a market value. 
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High rate systems facilitate water recycling in factories ( towards closed loops). 
2.2.1 Anaerobic degradation of organic polymers 
The anaerobic degradation pathway of organic matter is a multi step process of series 
and parallel reactions. This process of organic matter degradation proceeds in four 
successive stages, namely;  
 Hydrolysis 
 Acidogenesis 
 Acetogenesis 
 Methanogenesis 
The anaerobic ecosystem is the result of complex interactions among 
microorganisms of several different species. The major groupings of bacteria and 
reaction they mediate are;  
 Fermentative bacteria 
 Hydrogen-producing acetogenic bacteria 
 Hydrogen-consuming acetogenic bacteria 
 Carbon dioxide-reducing methanogens 
 Aceticlastic methanogens 
The digestion process may be subdivided into the following four phases. 
1. Hydrolysis, where enzymes excreted by fermentative bacteria (so-called ‘exo-
enzymes’ ) convert complex, undissolved material into less complex, 
dissolved compounds which can pass through the cell walls and membranes 
of the fermentative bacteria. 
2. Acidogenesis, where the dissolved compounds present in cells of 
fermentative bacteria are converted into a number of simple compounds 
which are then excreted. The compounds produced during this phase include 
volatile fatty acids (VFAs), alcohols, lactic acid, CO2, H2, NH3 and H2S, as 
well as new cell material. 
3. Acetogenesis (intermediary acid production) where digestion products are 
converted into acetate, hydrogen (H2) and CO2, as well as new cell material. 
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4. Methanogenesis, where acetate, hydrogen plus carbonate, formate or 
methanol are converted into methane, CO2 and new cell material. 
2.2.1.1 Acidogenesis 
During the acidogenesis step, the hydrolysis products (amino acids, simple sugars, 
LCFAs), which are relatively small soluble compounds, are diffused inside the 
bacterial cells through the cell membrane and subsequently fermented or 
anaerobically oxidized. Acidogenesis is a very common reaction and is performed by 
a large group of hydrolytic and nonhydrolytic microorganisms. About 1% of all 
know bacteria are (facultative) fermenters. The acidification products consist of a 
variety of small organic compounds, mainly VFAs, i.e. acetate and higer organic 
acids such as propionate and butyrate, as well as H2, CO2, some lactic acids, ethanol 
and ammonia. 
2.2.1.2 Acedogenesis 
The short chain fatty acids (SCFA), other than acetate, which are produced in the 
acidogenesis step are further converted to acetate, hydrogen gas and carbon dioxide 
by the acetogenic bacteria. The most important acetogenic subsrates are propionate 
and butyrate, key-intermediates in the anaerobic digestion process. But also lactate, 
ethanol, methanol and even H2 and CO2 are (homo) acetogenically converted to 
acetate. 
2.2.1.3 Methanogenesis 
Methanogenic bacteria accomplish the final stage in the overall anaerobic conversion 
of organic matter to methane and carbon dioxide. During this fourth and last stage of 
anaerobic degradation of organic matter, a group of methanogenic archea both 
reduce the carbon dioxide using hydrogen as electron donor and decarboxylate 
acetate to from CH4. It is only in this stage when the influent COD is converted to a 
gaseous form that automatically leaves the reactor system. Methanogens are obligate 
anaerobes, with a very narrow substrate spectrum. Some can only use certain 
determined substrates such as acetate, methylamines, methanol, formate and H2/CO2 
or CO. For engineering purposes, methanogens are classified into two major groups: 
the acetate converting or aceticlastic methanogens and the hydrogen utilising or 
hydrogenotrophic methanogens. Generally, about 70% of the produced methane 
originates from acetate as the main precursor. The rest mainly originates from H2 and 
8 
 
CO2. The growth rate of the aceticlastic methanogens is very low, resulting in 
doubling times of several days or even more. The extremely low growth rates explain 
why anaerobic reactors require a very long start-up time with unadapted seed 
material and why high sludge concentrations are pursued. Hydrogenotrophic bacteria 
have a much higher maximum growth rate than the acetoclastic bacteria with 
doubling times of 4 to 12 hours. 
2.2.2 Working with COD balance 
Like any biological system an anaerobic treatment process must be monitored for 
relevant parameters, and measurements must be evaluated for adequate operation and 
control. The reason for this is that in contrast to aerobic systems there is no COD 
destruction in an anaerobic reactor. During anaerobic treatment the COD is only ‘re-
arranged’. Complex organic compounds are broken down in more simple 
intermediates and eventually mineralised to CH4 and CO2. All COD that entered the 
system ends up in the end-product CH4, minus the COD that is incorporated in the 
new bacterial mass. Since a perfect mass balance can be made by only using the 
COD as a parameter, the COD is therefore generally taken as a control tool to 
operate ananaerobic system: 
CODin=CODout For practical purposes this equation should be expanded to the 
various outlets of the anaerobic reactor as depicted in Figure 2.2. For identifying the 
fate of COD in an anaerobic reactor detailed analyses of the gaseous, liquid and solid 
outlets should be performed (Table 16.8). 
By differentiating the COD fractions of gas, liquid and solids, the missing parameters 
can be estimated from the more easily measurable parameters. Based on the basic 
influent characteristics, i.e. flow rate and COD concentrations, and information on 
the biodegradability of the COD, the expected CH4 production rate can be easily 
estimated from equation; 
CH4+ 2 O2 →CO2 + 2H2O 
which means that 22.4 m
3
 CH4 (STP) requires 2 moles of O2 (COD), which equals 
64 kg COD. Therefore, theoretically, 1 kg COD can be converted in 0.35 m
3
 CH4. 
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Figure 2.2: COD balance of an anaerobic reactor.  
Similarly, the theoretical COD equivalent for 1 kg ‘bacterial VSS’, with an estimated 
composition of C5H7O2N, can be calculated as 1.42 kgCOD/kgVSS. 
Having both the final products CH4 and newly grown bacteria expressed as COD, 
the balance can be made if influent and effluent are properly measured. 
Often ‘gaps’ in the COD balance occur which can be attributed mostly to the ‘loss of 
electrons’ when these are channelled to oxidised anions like SO42 and NO3
-
, 
Therefore, in this case, for closing the COD balance either all reduced gases should 
be taken into account or the concentration of electron acceptors needs to be 
measured. It should be realised that soluble COD containing gases like H2S, will be 
present in the effluent. In this example, organic COD is converted into inorganic 
COD of which a pH dependent fraction will end in the biogas while the remainder 
will stay in the effluent.  
Another frequently cited cause for a COD gap is the entrapment or accumulation of 
COD in the sludge bed, sometimes drastically changing the stochiometric value of 
1.42 kgCOD/kgVSS. The latter is particularly true during the treatment of fat or 
LCFA-containing wastewater. With these substrates, COD removal efficiencies are 
generally very high, but low CH4 production rates lead to huge gaps in the balance. 
In this example, the COD gap indicates severe long term operational problems. The 
accumulating solids will deteriorate the SMA of the sludge, finally resulting in a 
complete failing of the anaerobic process. 
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2.2.3 Anaerobic reactor system 
Anaerobic reactors are in use since the 19th century, when Mouras and Cameron 
developed the automatic scavenger and the septic tank to reduce the amounts of 
solids in the sewerage system. Although at a very poor rate, the first anaerobic 
stabilisation processes occurred in the tanks that were designed for intercepting the 
black-water solids. The first anaerobic reactor was developed in 1905 when Karl 
Imhoff designed the Imhoff tank, in which solids sediments are stabilised in a single 
tank. The actual controlled digestion of entrapped solids in a separate reactor was 
developed by the Ruhrverband, Essen-Relinghausen in Germany. 
In the same decades, Buswell started to adopt the same technology for treating liquid 
wastes and industrial wastewater. All these systems can be characterised as low rate 
systems since no special features were included in the design to augment the 
anaerobic catabolic capacity. The process feasibility of these systems was very much 
dependent on the growth rate of the anaerobic consortia. As a result, reactors were 
very big and very fragile in operation. In the final decades of the 19th century also 
some first trials of upward flow fixed film reactors were performed, but it was too 
early to make these systems successful McCarty (2001). Also the anaerobic pond can 
be regarded as a low loaded anaerobic treatment system. Anaerobic ponds are often 
constructed in conjunction with facultative and maturation ponds. The applied 
loading rate to anaerobic ponds ranges between 0.025-0.5 kgCOD/m
3
.d, while using 
pond depths of 4 m. The big disadvantages of anaerobic ponds are problems related 
to odour as these systems easily become overloaded. Also the loss of energy rich 
CH4 to the atmosphere is a recognised disadvantage. 
2.2.3.1 High rate anaerobic systems 
One of the major successes in the development of anaerobic wastewater treatment 
was the introduction of high-rate reactors in which biomass retention and liquid 
retention are uncoupled. Contrary to aerobic processes, in an anaerobic or anoxic 
(denitrification) process, the maximum permissible load is not governed by the 
maximum rate at which a necessary reactant can be supplied (e.g. oxygen during 
aerobic processes), but by the amount of viable anaerobic biocatalysts or the 
anaerobic bacteria which are in full contact with the wastewater constituents. In 
anaerobic high–rate systems, high sludge concentrations are obtained by physical 
retention and or immobilisation of anaerobic sludge. High biomass concentrations 
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enable the application of high COD loading rates, while maintaining long SRTs at 
relatively short HRTs. Different high–rate systems were developed over the last three 
decades including the anaerobic contact process (ACP), anaerobic filters, the UASB, 
FB and EGSB reactors and the baffled reactors. To enable an anaerobic reactor 
system to accommodate high organic loading rates for treating a specific wastewater, 
the following conditions should be met: 
 High retention of viable sludge in the reactor under operational conditions. 
The higher the amount of sludge retained, the higher will be the loading 
potential of the system. Therefore, it is necessary to cultivate a well settleable 
or immobilized biomass, and that the sludge will not deteriorate in this 
respect. 
 Sufficient contact between viable bacterial biomass and waste water. In the 
case where part of the sludge retained in the reactor remains deprived of 
substrate, this sludge is of little if any value. 
 High reaction rates and absence of serious transport limitations. It is clear that 
the kinetics of the degradation processes are a factor of great importance. It is 
essential that metabolic end products can easily escape from the aggregate. 
The size of the biofilms should remain relatively small and the accessibility 
of the organisms inside the biofilm should be high. 
 The viable biomass should be sufficiently adapted and/or acclimatized. For 
any wastewater subjected to treatment, the sludge should be enabled to adapt 
to the specific characteristics of the concerning wastewater. 
 Prevalence of favourable environmental conditions for all required organisms 
inside the reactor under all imposed operational conditions, focusing on the 
rate limiting steps. It should be emphasized here that this condition doesn't 
mean that the circumstances should be similar at any location within the 
reactor and at any instant. As a matter of fact even the contrary is true. 
Regarding the fact that a large variety of different organisms are involved in 
the degradation of more complex compounds, the existence of micro-niches 
within the system is an absolute pre-requisite. Only in this way can the 
required flourishing growth of the required very different organisms be 
achieved. It should be noticed that particularly in the interior of biofilms and 
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granules, the concentration of substrates and metabolites are low enough to 
allow even the very endergonic acetogenic reactions to proceed, e.g. the 
oxidation of propionate at the very low hydrogen concentrations. 
The anaerobic contact process by Schroepfer et al. (1955) indeed turned out to be 
reasonably successful for the treatment of higher strength industrial wastewaters. 
With a few exceptions, hardly any at that time would think that anaerobic treatment 
ever could become feasible for low strength wastewaters. Regarding the problems 
experienced with the various versions of the anaerobic contact process, only very few 
even believed anaerobic treatment could become applicable for treating medium 
strength wastewater. However in the sixties and seventies the situation changed 
rapidly, and in the nineties the anaerobic treatment concept even was shown feasible 
for very low strength wastewaters at low ambient temperatures. These unforeseen 
developments can be attributed to superior methods of sludge retention, based on 
sludge immobilization.  
Figure 2.3 illustrates the development of high rate reactor systems and the impact of 
improved sludge retention and enhanced contact on the applicable organic loading 
rates. While the first trials of Buswell did not reach loading rates of 1 kgCOD/m
3
.d, 
modern AnWT systems are sold on the market with guaranteed loading rates 
exceeding 40 kgCOD/m
3
.d. 
 
Figure 2.3: Relative loading capacity of different AnWT systems. 
Maximum applied loading rates under full scale conditions reach about 45 
kgCOD/m
3
.d applying enhanced contact in EGSB type systems.  
At present, most applications of AnWT can be found as end-of-the-pipe treatment 
technology for food processing wastewaters and agro-industrial wastewater. Table 
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2.1 lists the various industrial sectors where the surveyed 2,266 reactors are installed. 
It should be noticed that the number of anaerobic applications in the non-food sector 
is rapidly growing. Common examples are the paper mills and the chemical 
wastewaters, such as those containing formaldehyde, benzaldehydes, terephthalates, 
etc. Flores et al.( 2006). The latter is surprising since it is particularly difficult for the 
chemical industries to enter with anaerobic technology, owing to the general 
prejudices against biological treatment and anaerobic treatment in particular. 
Table 2.1: Application of anaerobic technology to industrial wastewater. 
Industrial Sector Tyepe of wastewater Nr. of reactors % 
Agro food industry 
Sugar, potato, starch, yeast, 
pectin, citric acid, cannery, 
confectionary, fruit, vegetables, 
dairy, bakery. 
816 36 
Beverage 
Beer, malting, soft drinks, wine, 
fruit juices, coffee. 
657 29 
Alcohol distillery 
Can juice, cane molasses, beet 
molasses, grape wine, grain, 
fruit. 
227 10 
Pulp and paper 
industry 
Recycle paper, mechanical pulp, 
NSSC, sulphite pulp, straw, 
bagasse. 
249 11 
Miscellaneous 
Chemical, pharmaceutical, 
sludge liquor, landfill leachate, 
acid mine water, municipal 
sewage. 
317 14 
Only very recently, high-rate AnWT systems were developed for treating cold and 
very low strength wastewaters. In addition to municipal sewage, many industrial 
wastewaters are discharged at low temperatures, e.g. beer and maltery wastewaters. 
Full scale results so far show that any of the cited wastewaters are anaerobically 
treated using common seed materials, illustrating the robustness and flexibility of the 
anaerobic process. 
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2.2.3.2 Single stage anaerobic reactors 
2.2.3.2.1 The anaerobic contact process 
Employing external settlers and sludge return processes are known as the anaerobic contact 
process (ACP). Figure 2.4. 
 
Figure 2.4: Anaerobic contact process, equipped with flocculator or a degasifier  
           unit to enhance sludge sedimentation in the secondary clarifier. 
The various versions of the first generation of 'high rate anaerobic treatment systems 
for medium strength wastewaters were not very successful. In practice, the main 
difficulty appeared to be the separation of the sludge from the treated water. These 
difficulties can be mainly due to the fact that a too intensive agitation in the bio-
reactor was considered necessary. The idea was that the more intensive the mixing, 
the better would become the contact between sludge and wastewater Various 
methods for sludge separation have been tested and/or employed in the different 
versions of the ACP. These methods include vacuum degasification in conjunction 
with sedimentation, the addition of organic polymers and inorganic flocculants, 
centrifugation and even aeration (in order to stop digestion). However, the results 
were usually unsatisfactory. At present, with the current knowledge on anaerobic 
digestion technologies, a more gentle and intermittent mode of mixing is applied. 
With such an approach, the sludge will acquire and keep excellent sedimentation 
properties, and the anaerobic contact process can certainly make a valuable 
contribution to environmental protection and energy recovery, particularly with 
wastewaters containing high fractions of suspended solids and semi liquid wastes. If  
well designed, modern ACP may reach organic loading rates of 10 kgCOD/m3.d.  
2.2.3.2.2 Anaerobic filters (AF) 
The modern version of upflow anaerobic filter (UAF) was developed in the USA by 
Young and McCarty (1964, 1982) in the late sixties. The sludge retention of the UAF 
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is based on: the attachment of a biofilm to the solid (stationary) carrier material, the 
sedimentation and entrapment of sludge particles between the interstices of the 
packing material, formation of very well settling sludge aggregates. Initially, a 
suitable carrier material for the systems was hard to find Young (1991). Various 
types of synthetic packing have been investigated and natural materials such as 
gravel, coke and bamboo segments as well. It turned out that the shape, size and 
weight of the packing material are important aspects. 
Problems with UAF systems in particular generally occur during long-term 
operation. The major disadvantage of the UAF packing material are important 
aspects. concept is the difficulty of maintaining the required contact between sludge 
and wastewater, because clogging of the 'bed' easily occurs. This particularly is the 
case for partly soluble wastewaters. These clogging problems obviously can be 
overcome (at least partly) by applying a primary settler and/or a pre-acidification 
step Seyfried (1988). However, this would require the construction and operation of 
additional units. Moreover, apart from the higher costs, it would not completely 
eliminate the problem of short-circuiting (clogging of the bed) flows, leading to 
disappointing treatment efficiencies. The experiences with the system certainly are  
rather satisfactory, applying modest to relatively high loading rates up to 10 
kgCOD/m
3
.d. The UAF system will remain attractive for treatment of mainly soluble  
types of wastewater, particularly when the process of sludge granulation will not 
proceed satisfactory. On the other hand, long term problems related to system  
clogging and the stability of filter material caused a decline in the number of 
installed full scale AF systems. Various modes of operation and filter material were  
investigated but full-scale application is rather disappointing. The limiting factor is 
the applicable low organic loading rate owing to the limited amount of biomass that 
can be retained in such a system as it is primarily based on attachment of biomass to 
the surface of the packing material. 
2.2.3.2.3 Anaerobic sludge bed reactors (ASBR) 
The anaerobic sludge bed reactors (ASBR) undoubtedly are by far the most popular 
AnWT systems so far. The sludge retention in such a reactor is based on the 
formation of easily settling sludge aggregates (flocs or granules), and on the 
application of an internal gas-liquid-solids separation system (GLSS device). By far 
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the best known example of this concept is the upflow anaerobic sludge bed reactor  
(UASB), which was developed in the Netherlands in the early seventies Lettinga et 
al. (1976, 1980). In view of its prospects, and the fact that almost 90% of the newly 
installed high-rate reactors are sludge bed systems. At the start of 2007, about 1,750 
full-scale UASB installations have been put into operation. Most of these full scale 
reactors are used for treating agro-industrial wastewater, but its application for 
wastewater from chemical industries and sewage is increasing. Figure 2.5 shows a 
schematic representation of a UASB reactor. 
 
Figure 2.5: Schematic representation of a UASB reactor. 
1. Similar to the UAF system the wastewater moves in an upward mode through 
the reactor. However, contrary to the AF system generally no packing 
material is present in thereactor vessel. The sludge bed reactor concept is 
based on the following ideas: Anaerobic sludge has or acquires good 
sedimentation properties, provided mechanical mixing in the reactor remains 
gentle and the process is operated correctly. For that reason, but also because 
it reduces the investment and maintenance costs, mechanical mixing is not 
applied in UASB reactors. Because of the excellent settling characteristics of 
the sludge, high superficial liquid velocities can be applied without any risk 
of considerable sludge wash-out. 
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2. The required good contact between the sludge and wastewater in UASB-
systems generally is accomplished (i) by feeding the wastewater as uniformly 
as possible over the bottom of the reactor, or (ii) as a result of the agitation 
caused by the production of biogas. 
3. Particularly with low strength wastewater, reactors with a high height-
diameter ratio are used reaching heights of 20-25 m. A low surface area will 
facilitate the feeding of the system, whereas the accumulating biogas 
production over the height of the tower reactor will cause a turbulentflow. 
Also the increased upflow velocity results in a better contact between the 
sludge and the pollutants. With wastewaters containing biodegradable 
additionally achieved by applying a liquid recirculation flow. As a result, a 
more completely mixed flow pattern is acquired and stratification of the 
substrate and intermediate products over the height of the reactor is 
minimised, thereby minimising potential inhibition. 
4. The washout of sludge aggregates is prevented by separating the produced 
biogas using a gas collection dome installed at the top of the reactor. In this 
way a zone with relatively little turbulence is created in the uppermost part of 
the reactor, consequently the reactor is equipped with an in-built secondary 
clarifier. The gas collection dome acts like a three phase GLSS. 
The GLSS device constitutes an essential part of a UASB reactor and serves to: 
 Collect, separate and discharge the produced biogas. 
 Reduce liquid turbulences in the settler compartment for enhancement of 
sludge settling, resulting from the gas production. 
 Remove sludge particles by a mechanism of sedimentation, flocculation 
and/or entrapment in a sludge blanket (if present in the settler). 
 Limit the expansion of the sludge bed in the digester compartment. 
 Aaccomplish some polishing of the wastewater with respect to suspended 
matter. 
Some researchers and practitioners suggest replacing the GLSS device by a packed 
bed in the upper part of the reactor. This so-called upflow hybrid reactor is a merge 
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between the UASB and the UAF reactors. Specific chemical wastewaters show better 
treatment efficiencies for all compounds using hybrid systems compared to UASB 
reactor. The most known disadvantage of hybrid reactors is the deterioration of the 
filter section after prolonged periods of operation. Hybrid reactors are also 
advantageous for achieving enhanced effluent polishing as colloidal matter is 
entrapped at the top part of the system. 
2.2.3.2.4 Anaerobic expanded and fluidized bed systems (EGSB and FB) 
Expanded bed and fluidized bed systems are regarded as the second generation of 
sludge bed reactors achieving extreme organic loading rates (exceeding 30 to 40 
kgCOD/m
3
.d). The FB process is based on the occurrence of bacterial attachment to 
mobile carrier particles, which consist, for example, of fine sand (0.1-0.3 mm), 
basalt, pumice, or plastic. The FB system can be regarded as an advanced anaerobic 
technology Li and Sutton (1981); Heijnen (1983, 1988), that may reach loading rates 
of 50-60 kgCOD/m
3
.d. Modern FB systems like the Anaflux system Holst et al. 
(1997), rely on bed expansion rather than on bed fluidization. As bed expansion 
allows a much wider distribution of prevailing biofilms, the system is much more 
easy to operate. The Anaflux reactor uses a triple phase separator at the top of the 
reactor, more or less similar to the GLSS device in UASB and EGSB reactors. When 
the biofilm layer attached to the media becomes excessively over developed, and the  
concerning (lighter) aggregates then tend to accumulate in the separator device, the 
material is periodically extracted from the reactor by an external pump in which it is 
subjected to the application of sufficient shear to remove part of the biofilm. Then 
both the media and detached biomass are returned to the reactor, and the free 
biomass is then allowed to be rinsed out from the system. The system is applicable to  
wastewaters with a suspended solids concentration <500 mg/l. 
The EGSB system employs granular sludge, which is characterised by good settling 
characteristics and a high methanogenic activity. High liquid velocities, together  
with the lifting action of gas evolved in the bed, leads to a slight expansion of the 
sludge-bed. And as a result of that, an excellent contact between sludge and 
wastewater prevails in the system, leading to significantly higher loading potentials 
compared to conventional UASB installations. The EGSB sysems rely on a complete 
retention of the granular sludge. Excellent results have been obtained with modern 
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full-scale EGSB installations using various kinds of wastewaters, reaching organic 
loading rates of up to 40-45 kgCOD/m
3
.d. Interestingly, by applying EGSB reactor 
system several other types of wastewaters can be treated which cannot be treated 
using conventional UASB systems such as:  
 Wastewaters containing biodegradable compounds. 
 Cold (even < 10oC) and dilute (COD << 1 g/l) wastewaters, i.e. when specific 
gas production is very low and biogas mixing is absent Rebac et al. (1998). 
EGSB reactors are characterised by an improved hydraulic mixing, 
independent from the biogas production. 
 Wastewaters containing long chain fatty acids Rinzema (1988). At low 
upflow velocities (UASB), LCFAs tend to absorb to the sludge and form 
inaccessible fatty clumps. At high upflow velocities (EGSB) the substrate is 
introduced at a lower concentration and is more evenly distributed to the 
biomass. 
 Wastewaters with foaming problems in UASB systems. 
A special version of the EGSB-concept is the so-called Internal Circulation (IC®) 
reactor Vellinga et al. (1986). In this type of reactor, the produced biogas is separated 
from the liquid halfway the reactor by means of a gas/liquid separator device and 
conveyed upwards through a pipe to a degasifier unit or expansion device. Here, the 
separated biogas is removed from the system, whereas the sludge-water mixture 
drops back to the bottom of the reactor via another pipe. In fact, the lifting forces of 
the collected biogas are used to bring about a recirculation of liquid and granular 
sludge over the lower part of the reactor, which results in improved  
contact between sludge and wastewater. The extent of liquid/sludge recirculation 
depends on the gas production. The most common EGSB systems are presented in 
Figure2.6. 
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Figure 2.6: EGSB and IC reactor of the major anaerobic system 
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2.2.3.2.5 Other anaerobic high rate systems 
Where ACP, UASB and EGSB reactors are based on a mixed to completely mixed 
reactor content, various designs have been tested which employ staging of the 
various phases of anaerobic treatment Lier et al. (2001). An extreme example is the 
two stage process where the acidification step is completely separated from the 
methanogenic step. Although some larger scale applications were made on domestic 
sewage, the reactor is not further developed. The major problem is the hydrodynamic  
limitation giving constraints to the achievable SRT in the system, since the 
superficial liquid velocity in a baffled system is substantially higher than in a single  
step sludge bed reactor. As a logic results, most of the sludge will move with the 
liquid through the various compartments and then has to be separated after the last 
compartment in a settler and then returned to the head of the reactor. Very interesting 
possibilities may exist for anaerobic sequencing batch reactor (ASBR) which 
consists of a set of anaerobic reactors operated in a batch mode using a 'fill and draw' 
method. A certain amount of the raw wastewater is supplied to the anaerobic reactor, 
after the supernatant liquid of a previous batch has been discharged. Then a 'gentle' 
type of mixing of the reactor contents is started in order to enable the settled viable  
sludge to contact the wastewater and to eliminate the biodegradable organics. After a 
sufficient period of reaction time, the sludge is allowed to settle and the supernatant 
solution is discharged. The next cycle is then started. Granulation proceeds well in an 
ASBR on dilute wastewaters, also at lower ambient temperatures Banik et al. (1997). 
ASBR systems were shown to be of particular interest for LCFA containing 
wastewaters (Alves et al., 2001). 
More recently anaerobic membrane bioreactors (AMBR) are intensively researched 
Liao et al. (2006), Jeison and Lier (2006). Membrane technology can be considered 
an interesting option in those cases where established technologies may fail. This 
likely is the case when extreme conditions prevail, such as high temperatures and 
high salinity, or wastewaters with refractory and/or toxic compounds. Full-scale 
experiences have demonstrated that under those conditions sludge immobilization by 
granule formation does not develop successfully, negatively affecting sludge 
retention. The requirements of wastewater treatment under extreme conditions is 
expected to become more and more common, following the current trend of closing 
industrial process water cycles. Under such conditions, MBR systems are very 
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effective in the retention of specifically required micro-organisms which are needed 
for the removal of accumulating refractory compounds in closed cycle industrial 
processes. At present only a few full scale AMBR systems are in operation. 
2.2.3.2.6 Acidifying and hydrolytic reactors 
Except for well stirred tank reactors no specific reactor concepts have been 
developed for acidogenesis so far. The process of acidogenesis generally proceeds 
sufficiently fast in a stirred tank reactor and in practice there generally does not exist 
any real need for a complete acidogenesis. Moreover, nowadays it is fully understood 
that joint acidification with methanogenesis is beneficial for granule formation 
Verstraete et al. (1996). Furthermore, it is increasingly accepted that the presence of 
higher concentrations of acidifying organisms in the feed of the methanogenic 
reactor is quite detrimental for the granular methanogenic sludge present in that 
reactor. The latter means that the sludge retention of an acidogenic reactor needs to 
be improved. 
2.2.4 Anaerobic process kinetics 
Bacterial conversion rates, including anaerobic processes, are generally described as 
applying Monod kinetics for substrate conversion. Anaerobic conversion kinetics, 
including all kinetic parameters, have been recently and extensively reviewed by 
Batstone et al. (2002) who presented a unified anaerobic digestion model, 
denominated as ADM1 in analogy with the ASM1 for activated sludge. 
ADM1 model also makes use of the COD balance for describing the flow of 
electrons during the anaerobic conversion process. Striking are the large variations in 
the cited assessed kinetic parameters for the specific conversion reactions, see Table 
2.2, after Batstone et al. (2000). This means that process configuration, exact 
prevailing microbial flora, and actual operation of the system largely determine the 
applicable kinetic parameters. 
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Table 2.2: Kinetic parameters of main substrates/intermediate products in the  
                anaerobic conversion process (after Batstone et al., 2000). 
Sustrate Uptake 
rate kg/kg 
VSS d 
µmax 
1/d 
Y 
kgVSS/kg 
KS 
kg/m
3 
Kd 
1/d 
Hydrogen 2-65 0.012-12 0.014-0.183 0.00002-0.0006 0.009 
Acetate 3-18 0.05-1.4 0.014-0.076 0.011-0.930 0.004-0.036 
Propionate 0.16-0.31 0.004-0.016 0.025-0.05 0.06-1.15 0.01-0.04 
Butyrate 5-14 0.35-0.90 0.066 0.012-0.30 0.027 
Valerate 15-19 0.86-1.20 0.058-0.063 0.062-0.36 0.01-0.03 
LCFA 1.4-37 0.10-1.65 0.045-0.064 0.06-2.0 0.01-0.20 
Amino acids 36-107 2.36-16 0.06-0.15 0.05-1.4 0.01-3.2 
Monosaccharides 29-125 0.41-21.3 0.01-0.17 0.022-0.63 0.02-3.2 
2.3 Modeling 
A model can be defined as a purposeful representation or description (often 
simplified) of a system of interest Wentzel and Ekama (1997). One never develops a 
model that describes every single organism, every molecule of water or every detail 
of the process. Models are used as simplification of reality in such a way that they 
describe that part of reality that is relevant to understand and to deal with. 
The most prominent advantages of the use of models in wastewater treatment are:  
 getting insight into plant performance 
 evaluating possible scenarios for upgrading  
 evaluating new plant design  
 supporting management decisions  
 developing new control schemes  
 providing operator training 
24 
 
The optimisation of the AD and the assessment of its operation as a function of 
varying feed or operating conditions are important objectives and can be pursued by 
using appropriate digestion models. These models can be of steady-state model 
 to estimate retention time, reactor volume, gas production and composition 
for a requested system performance, 
 to investigate the sensitivity of the system performance to various parameters, 
 to provide cross-checking of simulation results and plant performance, and  
 to determine how the digestion process can affect the design of upstream or 
downstream WWTP operations. 
More complex dynamic models could be integrated in plant-wide modelling, 
predicting on a time basis how the system will react to sudden or progressive 
changes in operating parameters of feedstock ﬂow rate and composition, 
temperature, inhibition, pH, etc. 
2.3.1 Simple models and principle kinetics  
Most initial models were based on a single rate-limiting step, which itself may be 
dependent on various conditions such as wastewater characteristics, hydraulic 
loading and temperature. Some models considered acetogenic methanogenesis as the 
rate-limiting step, whereas others considered the conversion of fatty acids, or the 
hydrolysis of biodegradable suspended solids. Pavlostathis and Gossett studied, 
developed and evaluated a comprehensive kinetic model capable of predicting 
digester performance when fed biological sludge. Preliminary conversion 
mechanisms such as cell death, lysis, and hydrolysis responsible for rendering viable 
biological sludge organisms to available substrate were studied in depth. The results 
of this study indicate that hydrolysis of the dead, particulate biomass primary 
consisting of protein is the slowest step and therefore kinetically controls the overall 
process of AD of biological sludge. This rate control by hydrolysis was confirmed by 
several authors, including,e.g. Hiderani et al., who used anaerobic respirometry to 
determine digestion kinetics. 
The developed models are simple but do not very accurately describe the digester 
behaviour. 
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Table 2.3 reviews the key AD models that have been developed so far. Some models 
have assumed various forms of the kinetics, the bacterial groups, occurring 
processes, rate-limiting steps and possible inhibition. 
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Table 2.3: Overview of some anaerobic digestion models. 
Model Kinetics Bacterial Groups Processes Limiting Step Included Inhibition 
Batstone et. al 
First order  Disintegration  pH 
First order  Hydrolysis Hydrolysis pH 
Monod Sugar-degrading acidogens Acidogenesis  pH 
Monod Amino acid degrading acidogens Acidogenesis pH 
Monod Propionate utilising acetogens Acetogenesis pH,H2 
Monod Butyrate and valerate utilising 
acetogens 
Acetogenesis pH,H2 
Monod Acetoclastic methanogens Methanogenesis pH,free NH3 
Monod Hydrogenotrophic methanogens Methanogenesis pH,free NH3 
 
Siegrist et al. 
Mathematical  Biogas stripping   
First order  Hydrolysis pH, free NH3 , H2, 
acetate 
Monod  Fermantation pH,free NH3 , H2, 
acetate 
Monod  Anaerobic oxidation of LCFA pH,free NH3 , H2, 
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acetate 
Monod  Anaerobic oxidation of 
propionate 
pH,free NH3 , H2, 
acetate 
Monod Acetoclastic methanogens Acetotrophic methanogenesis pH,free NH3, H2, 
acetate 
Monod Hydrogenotrophic methanogens Hydrogentrophic 
methanogenesis 
pH,free NH3, H2, 
acetate 
Sötemann et al. 
First order, monod, 
contois 
Acidogenic bacteria Hydrolysis Hydrolysis  
Monod Glucose-utilising acidogens Acidogenesis  H2 
Monod Propionate utilising acidogens Acidogenesis H2 
Monod Acetogenic bacteria Acetogenesis pH, H2 
Monod Acetoclastic methanogens on 
acetic acid 
Acetoclastic methanogenesis pH, H2 
Monod Hydrogenotrophic methanogens 
on H2 
Hydrogenotrophic 
methanogenenis 
pH, H2 
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2.3.1.1 The Model of Siegrist et al. 
The aim of this study is to develop an extended and improved version of a 
mathematical model to describe the dynamic behavior of mesophilic and 
thermophilic digestion. The approach of the model is similar to the IWA activated 
sludge models where the physical, biological, and chemical processes of the model 
are described in a stoichiometric matrix. The anaerobic model is based on the 
reaction scheme described by Gujer and Zehnder. (Figure 2.7) 
The model allows the variation of digested sludge and biogas composition, the gas 
production due to temperature and load variation, and the industrial waste addition to 
be simulated. Special emphasis is given to gas stripping, acetate and propionate 
degradation, hydrolysis of particulate degradable chemical oxygen demand (COD), 
and inhibition due to pH, free ammonia, hydrogen and acetate. 
The dynamic mathematical model presented here describes the anaerobic digestion 
process in a completely stirred tank reactor (CSTR). It includes a process to describe 
the stripping of biogas components, the hydrolysis of particulate COD, six substrate 
degradation processes together with their six inherent biomass decay phenomena. 
The decay processes produce inert and degradable particulate organic matter. Four 
additional chemical processes, describing the acid/base equilibrium of CO2/HCO3
, 
NH4+/NH3, acetic acid/acetate, and propionic acid/propionate, respectively, account 
for pH prediction. The model includes an inhibition term due to free ammonia for 
acetotrophic methanogenesis and propionate degradation to describe NH3 inhibition 
in municipal sewage sludge treatment at increased free ammonia concentration, e.g. 
at basic pH.  
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Figure 2.7: Proposed reaction scheme for anaerobic digestion of 
                     domestic sewage sludge based on Gujer and Zehnder. 
2.3.1.1.1 Mathemetical modeling of anaerobic sludge digestion 
The dynamic mathematical model presented here describes the anaerobic digestion 
process in a completely stirred tank reactor (CSTR). It includes a process to describe 
the stripping of biogas components, the hydrolysis of particulate COD, six substrate 
degradation processes (Figure 2.7 and Figure 2.8 ) together with their six inherent 
biomass decay phenomena. 
The decay processes produce inert and degradable particulate organic matter. Four 
additional chemical processes, describ-ing the acid/base equilibrium of CO2/HCO3
-
, 
NH4
+/
NH3, acetic acid/acetate and propionic acid/propionate, respectively, account 
for pH prediction. Thus, the reactor state is defined by 23 state variables; 15 soluble 
(Si) and 8 particulate components (Xi) which are showed below (Figure 2.8) as 
matrix. 
The biogas composition is described by the partial pressures of methane (pCH4), 
carbon dioxide (pCO2) and hydrogen (pH2).
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Figure 2.8: Matrix of stoichiometric coefficients (vj,i), yields (Yi) and conservatives (iTHOD,i, iN,i, il,i, ic,i) of the processes defined for anaerobic 
          digestion model of Siegrist.
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2.3.1.2 The IWA AD Model No.1 (ADM1) 
The ADM1 model, initially developed by the IWA-ADM Test Group was presented 
in book form. This book presents the outcome of the study undertaking and is the 
result of 4 years of collaborative work by a number of international experts from 
various fields of anaerobic process technology. The approach provides a unified 
basis for AD modelling and promotes the increased application of modelling and 
simulation as a tool for research, design, operation and optimisation of anaerobic 
processes. The ADM1 model was developed on the basis of the extensive but often 
disparate work in modelling and simulation of AD systems over the previous 20 
years. In developing the ADM1, the Task Group tried to establish common 
nomenclature, units and model structure, consistent with existing anaerobic 
modelling literature and the popular-activated sludge models. Outputs from the 
model include common process variables such as gas flowand composition, pH, 
separate organic acids, and ammonium. The structure encourages specific extensions 
or modifications where required, but still maintaining a common platform. The 
model structure is presented in a readily applicable matrix format for implementation 
in many available differential equation solvers. 
The ADM1 includes biochemical as well as physicochemical processes. The 
biochemical part includes all three overall biological (cellular) steps, i.e. 
acidogenesis, acetogenesis of both VFA and LCFAs, and methanogenesis as well as 
an extracellular (partly non-biological) disintegration step and an extracellular 
hydrolysis step. The physicochemical equations describe ion association and 
dissociation, and gas–liquid transfer. The biochemical part of the model uses the 
following basis: 
 All biochemical extracellular steps are assumed of first order. 
 Substrate uptake use Monod type kinetics as the basis for all intracellular 
biochemical reactions. 
 Biomass growth is implicit in substrate uptake. 
 Death of biomass is represented by first-order kinetics. 
 Inhibition by pH, hydrogen and free ammonia is included. 
The physicochemical factors taken into account are: 
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 liquid–liquid reactions; 
 gas–liquid exchanges. 
The model has been successfully tested on a range of systems from full-scale waste 
sludge digestion to laboratory-scale thermophilic high-rate UASB reactors. Various 
modifications have been developed with the ADM1 as a basis. These extended 
models were reviewed by Batstone et al. and amongst the most promising 
expansions, the reader is referred to Sötemann et al., Zaher et al. and Blumensaat and 
Keller. You can see at the below the COD flux (Figure 2.9) and anaerobic model as 
implemented including biochemical processes (Figure 2.10).  
 
Figure 2.9: COD flux for a particulate composite. 
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Figure 2.10: The anaerobic model as implemented including 
      biochemical processes. 
(1) acidogenesis from sugars; (2) acidogenesis from amino acids; (3) acetogenesis 
from LCFA; (4) acetogenesis from propionate; (5) acetogenesis from butyrate and 
valerate; (6) aceticlastic methanogenesis and (7) hydrogenotrophic methanogenesis. 
All extracellular steps were assumed to be first order, which is an emprical function, 
reflecting the cumulative effect of a multi step process Eastmen and Fergusan (1981). 
Cellular kinetics are described by three expressions (uptake, growth and decay; see 
Figure 2.11 and Figure 2.12) . 
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Figure 2.11: Biochemical rate coefficients (Vi,j) and kinetic rate equations (pj) for soluble components of ADM1. i=1-12, j=1-19 
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Figure 2.12: Biochemical rate coefficients (Vi,j) and kinetic rate equations (pj) for particulate components of ADM1. i=13-24, j=1-19
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Figure 2.13: Matrix for gas transfer. Liquid phase yield coefficients  
               (Vİ,J) and rate equations (pj) for liquid-gas transfer. 
2.3.1.3 The model of Sötemann et. al 
The approach of Sötemann et al. is very comprehensive. As an alternative to 
characterising the sewage sludge feed into carbohydrates, proteins and lipids, as is 
done in ADM1, it is characterised in terms of total COD, its particulate 
nonbiodegradable COD fraction, the short chain fatty acid (SCFA) COD and the 
CHON content of the particulate organics, i.e. X, Y, Z and A in CXHYOZNA. Having 
thus characterised the sludge in terms of measurable parameters, the model allows 
COD, C and N mass balances to be set up over the AD system. The interactions 
between the biological processes and weak acid/base chemistry are predicted for 
stable steady-state operation of ADs. The model of Sötemann et al. is a steady-state 
model, validated only for conditions of steady flow and load. The model equations 
can however be transformed to predict the digestion under dynamic operating 
conditions. 
All kinetic and stoichiometric constants in the model, except those for hydrolysis, 
were obtained from the literature so that model calibration is reduced to determining 
the non-biodegradable particulate COD fraction of the sewage sludge, the associated 
constants of the hydrolysis kinetics and the sewage sludge CHON composition. 
Various formulations for the hydrolysis rate of sewage sludge particulate 
biodegradable organics were evaluated and surfacemediated reaction (Contois) 
kinetics were selected similar to that used by Dold et al. and ASM1 for slowly 
biodegradable organics in activated sludge systems. 
Validation of the model under steady-state conditions validates only its stoichiometry 
and the system rate-limiting process, which is hydrolysis. However, the model, 
which includes the influence of high hydrogen partial pressure on the acidogenesis 
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and acetogenesis processes, shows the expected sensitivity to a digester upset 
(although commonly unnoticed due to the system inertia) initiated by temporary 
inhibition of the acetoclastic methanogens, which is the usual cause in practise. The 
model demonstrates that even a brief inhibition of this organism group causes an 
irreversible failure of the digester (pH<6.6). 
2.3.1.3.1 Conceptual model 
In the literature there is considerable variation in conceptual schemes for describing 
the biological processes of AD with sewage sludge as inﬂuent, from simple two stage 
reaction schemes including only hydrolysis/acidogenesis and methanogenesis Kiely 
et al.(1997) to the most commonly used six step reaction scheme as proposed by 
(Gujer and Zehnder, 1983). 
In the reaction scheme of Gujer and Zehnder (1983) (Fig 2.14), the hydrolysis 
process acts separately on three main groups of complex organics, viz. proteins, 
carbohydrates and lipids. These complex polymeric materials are hydrolysed by 
extracellular enzymes to soluble products that are small enough to allow their 
transport across the cell membrane. The products of the separate hydrolysis 
processes are amino acids, sugars and fatty acids respectively. These relatively 
simple, soluble compounds are fermented (acidogenesis) or anaerobically oxidised to 
short chain fatty acids (SCFAs) (acetate), alcohols, CO2, hydrogen and ammonia. A 
portion of the hydrolysis products are also converted to intermediate products 
(propionate, butyrate, etc.), which are then converted to acetate, hydrogen gas and 
CO2 through a process called acetogenesis. Lastly, methanogenesis occurs by 
hydrogen reduction with CO2 (hydrogenotrophic methanogenesis) and from acetate 
cleavage (asetoclastic methanogenesis). At the model of Sötemann et. al, The Gujer 
and Zehnder (1983) reaction scheme formed the basis for the AD model developed 
but with four main modifications (Fig. 2.15)
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Figure 2.14: Anaerobic digestion processes scheme of Gujer and 
  Zehnder (1983). 
Figure 2.15: Anaerobic digestion processes scheme of University of Cape Town.  
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Anaerobic Digestion Model No 1 (UCTADM1) including (i) the effect of high 
hydrogen partial pressure on acidogenesis and (ii) COD, carbon and nitrogen mass 
balances with a generic CHON sludge composition. 
The main modifications at the model of Sötemann et. al; 
 Recognising that carbohydrate, protein and lipid measurements on sewage 
sludges are unlikely to be routinely available and indeed are difficult to do, 
the hydrolysis of the three separate organic materials was modified to a single 
hydrolysis process acting on a generic organic material representing sewage 
sludge (CXHYOZNA) McCarty (1974). This simplification is not unreasonable 
since the end products of hydrolysis and subsequent acidogenesis of the three 
organic groups are essentially the same, namely SCFAs. In this approach, the 
C, H, O and N contents of sewage sludges are needed to determine the X, Y, 
Z and A values in CXHYOZNA . 
 With the proposed single hydrolysis process, recognition of three separate 
hydrolysis products was no longer necessary. Accordingly, a single 
hydrolysis process and end product were included. This end product was 
chosen to be the idealised carbohydrate “glucose” for a number of reasons: 
The subsequent biological processes on “glucose” are well established  
 In any event, the end products of hydrolysis and acidogenesis in the scheme 
of Gujer and Zehnder (1983) at Fig. 2.14 are the same as in the revised 
scheme at Fig. 2.15, the net result is the same in both schemes. In order to 
maintain the COD, C, H, O and N balances, water and carbon dioxide are 
taken up from the bulk liquid to generate the glucose from the sewage sludge 
(Fig. 2.14), and ammonia is released. 
 As a consequence of accepting a single hydrolysis process, separate anaerobic 
oxidation of fatty acids does not need to be included. 
 In the reaction scheme of Gujer and Zehnder (1983) at Figure 2.14, a fixed 
proportion of hydrolysis end products are converted to intermediate SCFA 
(propionate, butyrate, etc.) and the balance directly to acetate. As an 
alternative, the influence of the hydrogen partial pressure (pH2) on 
acidogenesis of glucose to acetate and propionate as proposed by Soon et al. 
(1991) was included in the revised scheme. This provides a better description 
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of AD behaviour under failure conditions. In this revised scheme, generation 
of butyrate and higher SCFAs was not considered. 
2.4 Brewery Wastewater 
During the last two decades the brewing industry has shown increasing awareness for 
environmental protection and the need of sustainable production processes. The beer 
brewing process often generates large amounts of wastewater effluent and solid 
wastes that must be disposed off or treated in the least costly and safest way for to 
meet the discharge regulations. It is widely estimated that for every one liter of beer 
that is brewed, close to ten liters of water is used; mostly for the brewing, rinsing, 
and cooling processes. 
Despite discharging large volumes of highly polluting effluents throughout the year, 
the brewing industry constitute an important economic segment of any country. In 
fact, beer is the fifth most consumed beverage in the world behind tea, carbonates, 
milk and coffee. Beer brewing involves two main steps, i.e., brewing and packaging 
of the finished product. The byproducts (e.g., spent grains from mashing, yeast 
surplus, etc) generated from these steps are responsible for pollution when mixed 
with effluents. In addition, cleaning of tanks, bottles, machines, and floors produces 
high quantities of polluted water. It is estimated that for the production of 1 L of 
beer, 3–10 L of waste effluent is generated depending on the production and specific 
water usage. In other words, very large quantities of water are consumed during the 
beer brewing process. Similarly and because of voluminous water usage, the brewery 
industry discharges large volumes of highly polluting effluents throughout the year. 
2.4.1 Brewery wastewater characterisation 
Brewery wastewater typically has a high chemical oxygen demand (COD) from all 
the organic components (sugars, soluble starch, ethanol, volatile fatty acids, etc). It 
usually has temperatures ranging from 25 °C to 38 °C, but occasionally reaching 
much higher temperatures. The pH levels can range between 2 and 12 and are 
influenced by the amount and type of chemicals used in cleaning and sanitizing (e.g., 
caustic soda, phosphoric acid, nitric acid, etc.). Nitrogen and phosphorus levels are 
mainly dependent on the handling of raw material and the amount of yeast present in 
the effluent.  
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Beer industry is mainly composed of biodegradable waste water contaminated with 
organic substances therefore it is treated by biologically. The wastewater production 
is 3-9 liter/liter product beer. The water consumption is 4-10 liter/liter beer. The main 
sources of the organic pollution in the wastewater are as follows; (EC, 2006) 
 Yeast and surplus yeast 
 Grains 
 Residue 
 Waste stum 
 Process tanks emptying and washing  
 The filter material (Kieselguhr) 
 Return and residual beer 
 Sticker and other auxiliary materials used in packing.  
The general brewery wastewater characterisation is showed Table 2.4 (EC, 2006) 
Table 2.4: The brewery wastewater general characterisation 
   (EC,2006). 
Parameter Value Range Unit 
COD 1800-3000 mg/l 
BOD 1000-1500 mg/l 
TSS 90-700 mg/l 
Total Nitrogen 30-100 mg/l 
Total Phosphorous 30-100 mg/l 
Heavy Metals LOW Low 
PH 3-13  
Temperature 13-49  °C 
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2.4.1.1 Brewery wastewater COD fractions 
The total COD in the wastewater is usually made up biodegradable and non-
biodegradable fractions. 
For the brewery wastewater the total biodegradable fraction consisted of 96% of the 
total COD. The readily biodegradable COD fraction (SS) was determined as the 9% 
of the total COD, readily hydrolysable fraction (SH) consisted of 78% and the slowly 
hydrolysable portion (XS) was determined as 9% of the total COD. ( Karlikanovaite 
et al, 2012) 
Table 2.5: The COD fractions of brewery wastewater 
(A. Karlikanovaite et al, 2012). 
CTI 
Total Influent COD 
C SI 
Total Biodegradable COD 
CII 
Total Inert COD 
SSI 
Readily 
Biodegradable 
COD 
SHI 
Rapidly 
Hydrolyzable 
COD 
XSI 
Slowly 
Hydrolyzable 
COD 
SSI 
Soluble Inert 
COD 
XII 
Particulate 
Inert COD 
%9 %78 %9 %2 %2 
2.4.2 Brewery wastewater treatment methods 
Brewery plants produce large quantities of wastewater with high concentration of 
organic pollutants and nutrients, which is characterized by large variations in these 
parameters. In particular, brewery effiuents are generally characterized by high total 
biochemical oxygen demand (TBODS), total chemical oxygen demand (TCOD) and 
total suspended solids.  
Most large breweries require some degree of wastewater pretreatment. In cases 
where the brewery does not discharge to the municipal sewer, then primary and 
secondary treatment of the effluent is required. However, if the brewery is permitted 
to discharge into a municipal sewer, Pretreatment may be required to meet municipal 
regulations and/or to lessen the load on the municipal treatment plant. 
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Pretreatment is meant to alter the physical, chemical, and/or biological properties of 
feed water, Thus improving the performance of upstream processes. Therefore, 
pretreatment is done by physical, chemical, or biological methods, or by a 
combination of all these methods. Table 2.6 lists the unit operations included within 
each category. 
Table 2.6: Wastewater tereatment unit operations and processes. 
Physical unit operations Screening 
Comminution 
 Flow equalization 
 Sedimentation 
 Flotation 
Chemical unit operations Chemical precipitation 
Adsorption 
Disinfection 
Chlorination 
Other chemical applications 
Biological unit operations Activated sludge processes 
Aerated lagoons 
Trickling filters 
Rotating biological contactors 
Pond stabilization 
Anaerobic digestion 
Biological nutrient removal 
Figure 2.16 is a summary of the generic advantages and disadvantages of various 
wastewater treatment processes as shown in literature. These characteristics (Figure 
2.16) generally relate to the cost of construction and ease of operation. Generally, the 
complexity and cost of wastewater treatment technologies increase with the quality 
of the effluent produced. In fact, the water management and waste disposal in the 
brewery industry are considered as significant cost factors and important aspects in 
the operations of a brewery plant. 
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Figure 2.16: Generic advantages and disadvantages of conventional and non-conventional wastewater treatment technologies.
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2.4.2.1 Physical treatment methods 
Among the first treatment methods used are physical unit operations, in which 
physical forces are applied to remove contaminants. Physical methods remove coarse 
solid matter, rather than dissolved pollutants. It may be a passive process, such as 
sedimentation to allow suspended pollutants to settle out or float to the top naturally. 
In general, these methods have yielded little success; most often resulting in 
incomplete contaminant removal and/or separation. For example, sedimentation has 
been found to be unsatisfactory evenwith the addition of coagulants and other 
additives. 
2.4.2.2 Chemical treatment methods 
Different chemicals can be added to the brewery wastewater to alter the water 
chemistry. Chemical pretreatment may involve pH adjustment or coagulation and 
flocculation. The acidity or alkalinity of wastewater affects both wastewater 
treatment and the environment. Low pH indicates increasing acidity while a high pH 
indicates increasing alkalinity. The pH of wastewater needs to remain between 6 and 
9 to protect organisms. Waste CO2 may be used to neutralize caustic effluents from 
clean-in-places (CIP) systems and bottle washers. The waste CO2 can also be used as 
a cheap acidifying agent for decreasing the pH of alkaline wastewaters before the 
anaerobic reactor, thus replacing the conventionally used acids. Neutralization with 
H2SO4 and HCl acids is usually not recommended because of their corrosive nature 
and sulfate and chloride discharge limitations, which may add to the cost of effluent 
treatment operations. Coagulation and flocculation are physicochemical processes 
commonly used for the removal of colloidal material or color from water and 
wastewater. In water and wastewater treatment, coagulation implies the step where 
particles are destabilized by a coagulant, and this may include the formation of small 
aggregates by Brownian motion (perikinetic coagulation). On the other hand, the 
subsequent process in which larger aggregates (flocs) are formed by the action of 
shear is then known as flocculation. After small particles have formed larger 
aggregates, colloidal material can then be more easily removed by physical 
separation processes such as sedimentation, flotation, and filtration. 
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2.4.2.3 Biological treatment methods 
Biological waste treatment processes play a central role in the way society manage 
their wastewaters. It is based on the activity of a wide range of microorganisms, 
converting the biodegradable organic pollutants in the wastewaters. In fact, brewery 
effluents having both chemical (with very high organic content) and microbial 
contaminants are generally treated by biological methods. Therefore, after the 
brewery wastewater has undergone physical and chemical pretreatments, the 
wastewater can then undergo biological treatment. Compared to physicochemical or 
chemical methods, biological methods have three advantages:  
1 the treatment technology is mature,  
2 high efficiency in COD and BOD removal, ranging from 80 to 90%, and  
3 low investment cost. 
However, though biological treatment processes are particularly effective for 
wastewater treatment, they require a high energy input. Biological treatment of 
wastewater can be either aerobic (with air/oxygen supply) or anaerobic (without 
oxygen). 
2.4.2.3.1 Aerobic treatment methods 
Aerobic biological treatment is performed in the presence of oxygen by aerobic 
microorganisms (principally bacteria) that metabolize the organic matter in the 
wastewater, thereby producing more microorganisms and inorganic end-products 
(principally CO2, NH3 and H2O). Aerobic treatment utilizes biological treatment 
processes, in which microorganisms convert non-settleable solids to settleable solids. 
Sedimentation typically follows; allowing the settle-able solids to settle and separate 
out. Three options include: 
1 Activated sludge process: In the activated sludge process, the wastewater 
flows into an aerated and agitated tank that is primed with activated sludge. 
This complex mixture containing bacteria, fungi, protozoans, and other 
microorganisms is collectively referred to as the biomass. In this process, the 
suspension of aerobic microorganisms in the aeration tank is mixed 
vigorously by aeration devices, which also supply oxygen to the biological 
suspension. 
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2 Attached growth (biofilm) process: The second type of aerobic biological 
treatment system is called “attached growth (biofilm) process” and deals with 
microorganisms that are fixed in place on a solid surface. This “attached 
growth type” aerobic biological treatment process creates an environment that 
supports the growth of microorganisms that prefer to remain attached to a 
solid material. 
3 Trickling filter process: In the trickling filter process, the wastewater is 
sprayed over the surface of a bed of rough solids (such as gravel, rock or 
plastic) and is allowed to “trickle down” through the microorganism covered 
media. A variation of a trickling filtration process is the biofiltration tower or 
otherwise known as the biotower. The biotower is packed with plastic or 
redwood media containing the attached microbial growth. 
4 Rotating biological contactor process: The rotating biological contactor 
process consists of a series of plastic disks attached to a common shaft. 
5 Lagoons: These are slow, cheap, and relatively inefficient, but can be used for 
various types of wastewater. They rely on the interaction of sunlight, algae, 
microorganisms, and oxygen (sometimes aerated). 
2.4.2.3.2 Anaerobic treatment methods 
Anaerobic wastewater treatment is the biological treatment of wastewater without the 
use of air or elemental oxygen. Anaerobic treatment is characterized by biological 
conversion of organic compounds by anaerobic microorganisms into biogas, which 
can be used as a fuel; mainly methane 55–75 vol% and carbon dioxide 25–40 vol% 
with traces of hydrogen sulfide. In breweries, direct utilization of biogas in a boiler is 
usually the preferred solution. The reason for this is that investment costs for a 
combined heat and power unit (CHP) are higher and more extensive biogas treatment 
is required. In the context of decreasing fossil fuel reserves, anaerobic wastewater 
treatment makes a brewery more independent from external fuel supply. 
Furthermore, it contributes to a more sustainable brewing process. 
1 Upflow anaerobic sludge blanket: One of the most popular anaerobic 
processes is the Upflow Anaerobic Sludge Blanket (UASB). In the UASB 
reactor, the wastewater enters a vertical tank at the bottom. The wastewater 
passes upwards through a dense bed of anaerobic sludge where the 
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microorganisms in the sludge come into contact with wastewater substrates. 
This sludge is mostly of a granular nature (1–4 mm) having superior settling 
characteristics (i.e., at a rate of more than 50 m h
−1
). The organic materials in 
the solution are attacked by the microbes, which release biogas. As the biogas 
rises, it carries some of the granular microbial blanket. At the top of the 
UASB reactor, a so called three-phase separator separates the biomass from 
the biogas and wastewater. The three-phase separator is also known as the 
gas–liquid–solid-separator.  
2 Fluidized bed reactor: In a Fluidized Bed Reactor (FBR), wastewater flows in 
through the bottom of the reactor, and up through a media (usually sand or 
activated carbon) that is colonized by an active bacterial biomass. The media 
provides a growth area for the biofilm. This media is “fluidized” by the 
upward flow of wastewater into the vessel, with the lowest density particles 
(those with highest biomass) moving to the top. 
Table 2.7 presents a general comparison between anaerobic and aerobic biological 
treatment systems such as activated sludge. 
Table 2.7: Anaerobic treatment as compared to aerobic treatment. 
 Aerobic systems Anaerobic systems 
Energy consumption   High   Low 
Energy production   No   Yes 
Biosolids production   High   Low 
COD removal (%)   90–98   70–85 
Nutrients (N/P) removal   High   Low 
Space requirement   High   Low 
Discontinuous operation   Difficult   Easy 
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3.  THE DEVELOPED MODEL STRUCTURE 
3.1 Introduction of the Model 
Anaerobic treatment of wastewater is very well suited for industries discharging 
highly concentrated (over approximately 1,500 mg COD/l) wastewaters, with 
nitrogen concentrations that are not too high. The food and food processing industry, 
beer breweries, soft drink producing factories and paper producing or processing 
factories, and some chemical industries all discharge wastewaters of this type. 
wastewaters. Therefore, anaerobic treatment processes have become viable for the 
treatment of high strength industrial waste water. 
High organic loading rates and low sludge production are among the many 
advantages anaerobic processes exhibit over other biological unit operations. But the 
one feature emerging as a major driver for the increased application of anaerobic 
processes is the energy production. Not only does this technology have a positive net 
energy production but the biogas produced can also replace fossil fuel sources and 
therefore has a direct positive effect on greenhouse gas reduction. This will most 
certainly ensure the ongoing, and likely drastically increased, popularity of anaerobic 
digestion processes for waste treatment in the future. But why is there a need for a 
generic model? Several benefits are expected from the development of this first 
generic model of anaerobic digestion: 
 increased model application for full-scale plant design, operation and 
optimization; 
 further development work on process optimization and control, aimed at 
direct implementation in full-scale plants; 
 common basis for further model development and validation studies to make 
outcomes 
 more comparable and compatible; 
 assisting technology transfer from research to industry. 
Many of the above points relate to practical, industrial applications. Indeed, this is 
one of the areas where most benefits from the application of a generalised process 
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model can be gained. While many different anaerobic models have been devised over 
the years (and indeed form the basis of the ADM1).  
These all models devised and developed for the anaerobic sludge (biosolids) 
digestion processes. But anaerobic processes are not only AD processes. Also, 
anaerobic wastewater treatment is the big part of the biological treatment methods. 
Today, a lot of industries are using anaerobic wastewater treatment plant because of 
the removal efficiency of the BOD/COD parameters. The design also depends on the 
volumetric organic loadings known to be lumped parameter and it does not reflect 
the dynamic conditions of the system. 
In this study based on these information a model was developed and simplified 
according to other devised model for the important industry that brewery waste water 
treatment. 
This model has some advantages they are;  
 To use not only for sludge stabilization also to use wastewater anaerobic 
treatment processes. 
 It is suitable for directly integration to ASM modeling. 
 It is suitable for removing interface between of ASM and ADM. 
 It can be used for other food industry wastewater anaerobic treatment with 
some small modifications. 
 COD based influent wastewater characteristics can easily be applied in as 
influent wastewater characterization. 
3.2 The Conceptual Of The Development Model 
Complex composite particulate waste is assumed to be homogeneous, which 
disintegrates to carbohydrate, protein and lipid particulate susbstrate. Disintegration 
and hydrolysis are extracellular biological and non biological processes mediating 
the breakdown and solubilisation af complex organic material to soluble substrates. 
The substrates are complex composite particulates and particulate carbohydrates, 
proteins and lipids. These substrates are also products from disintegration of 
composite particulates. Other products of disintegration are inerts particulate and 
inert soluble material. The products from (enzymatic) degradation of carbohdrates, 
51 
 
proteins and lipids are monosaccharides, amino acids and long chain fatty acids, 
respectively. 
Recognising that carbohydrate, protein and lipid measurements in the wastewater are 
unlikely to be routinely available and indeed are difficult to do it. The hydrolysis of 
the three separate organic materials was modified to a single hydrolysis process 
acting on a generic organic material representing the wastewater. With the proposed 
single hydrolysis process, recognition of three separate hydrolysis products was no 
longer necessary. Accordingly, a single hydrolysis process and end product were 
included. This end product was chosen to be the ideal carbohydrate as “glucose” for 
a number of reasons: The subsequent biological processes on “glucose” are well 
established and the acidogenic/fermentation process acting on “glucose” to convert it 
to SCFAs is unlikely ever to be rate limiting. Accordingly, in model application 
accumulation of ‘glucose’ will not occur, even under failure conditions. This implies 
that the “glucose” acts merely as an intermediate compound, which is acidified to 
SCFAs as soon as it is produced.  
In the reaction scheme of Gujer and Zehnder (1983) at Figure 2.14 a fixed proportion 
of hydrolysis end products are converted to intermediate SCFA (propionate, butyrate, 
etc.) and the balance directly to acetate. Also according to study of Ramsay and 
Pratap (2005) predictions of acetic and propionic acid compare well at certain time 
but butyric acid is not predicted in the brewery wastewater. Therefore in this study 
we neglected the butyrate and butyric acid and we considered acetate and propionate 
as VFA concentration. After the hydrolysis step the glucose is converted to acetate 
and propionate. This step is named as acidogenesis step. In the third step, propionate 
is converted to acetate and hydrojen. Then, this acetate is converted to carbondioxide 
and methane. That means the biogas started to produce. In the last step, the produced 
carbondioxide and hydrojen in the system is converted to methane. All these 
reactions are biochemical reactions are included in model. Also, two phase (aqueous-
gas) chemical reactions included in the model. The processes were formulated either 
as hydrolysis or organism groups growth processes. All four organism groups were 
accepted to be subject to endogenous respiration and so an endogenous mass loss 
process was included in the model for each group.  
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3.3 The Processes and Components of The Model 
Based on Anaerobic digestion and Anaerobic treatment process, the model includes  
1) Biocemical processes 
 Hydrolysis process 
 Acidogenesis (fermentation) 
 Acetogenesis (anaerobic oxidationof organic acids) 
 Methanogenesis 
2) Physico chemical processes 
 Liquid-liquid processes (Modelling of acid-base reactions) 
 Liquid-gas transfer. 
Also the model is included inhibition modelling for each biochemical process. 
The processes scheme of the model is shown simply at Figure 3.1  
  SF  1  XS 
 2  
  Spr 3 SAC 4 CH4 
 
   CO2                               5  
   H2 
Figure 3.1: The processes scheme of the developed model. 
According to this scheme the processes in the model are; 
1) Hydrolysis 
Wastewater                        Glucose (SF) 
2) Acidogenesis  
3C6 H12 O6   → 4CH3CH2COOH + 2CH3COOH + 2CO2 + 2H2O 
Hydrolysed 
to 
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3) Acetogenesis 
4CH3CH2COOH + 12H2O →4CH3COOH + 4HCO
3
- 
 
+4 H
+ 
+ 12H2 
4) Acetoclastic methanogenesis 
6CH
3
COOH → 6CH4 + 6CO
2  
5) Autotrophic methanogenesis 
8CO2 + 32 H2
 
→8 CH4
 
+ 8H2O  
3.4 The Kinetic and Stoichiometry of the Model 
The dynamic mathematical model presented here describes the anaerobic digestion 
process in a completely stirred tank reactor (CSTR). It includes a process to describe 
the stripping of biogas components (Figure 3.2), the hydrolysis of particulate COD, 
four substrate degradation processes together with their four inherent biomass decay 
phenomena. The decay processes produce particulate inert microbial products. The 
stoichiometry for Gujer Matrix for anaerobic model is shown Table 3.1  
Four additional chemical processes, describing the acid/base equilibrium of 
CO2/HCO3
-
 NH4
+
/NH3, acetic acid/acetate, and propionic acid/propionate, 
respectively account for pH prediction. 
The biogas composition is described by the partial pressures of methane (pCH4), 
carbon dioxide (pCO2) and hydrogen (pH2). 
The reaction kinetics of the processes are first order for hydrolysis and of Monod 
type for the remaining four processes of microorganism growth. The rate equations 
are shown Table 3.2.  
 
Figure 3.2: Biogas Stripping Processes and Biogas Flow Calculated 
         with a Pressure. 
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Table 3.1: Biochemical rate coefficients (Vi,j) and processes for the developed model. Stoichiometry for Gujer Matrix for Anaerobic Model. 
Compounds i  XS 
    
SIC 
  
 
XP 
    
Processes   j 
1)Anaerobic 
Hydrolysis of XS 
-1 1    Z1  
  
     
2)Anaerobic growth 
on  -Acidogenesis 
 
   
 Z2     
1 
   
3)Growth on 
propionate -
Acetogenesis  
  
   
Z3    
 
  1   
4)Acetoclastic 
Methanogenesis  
  
 
  Z4 
 
     1  
5)Autotrophic 
Methanogenesis  
    
 
-Z5 
 
      1 
6) Lysis of XOHO 
 
    Z6  N6 fEX -1    
7) Lysis of XAHO 
 
    Z7  N7 fEX  -1   
8) Lysis of XMHO 
 
    Z8  N8 fEX   -1  
9) Lysis of XMAO 
 
    Z9  N9 fEX    -1 
 
COD 
 
 
IC 
 
1 
 
 
 
1 
 
1 
 
1 
 
0 
 
1 
 
0 
 
1 
 
1 
 
1 
 
1 
 
1 
 
   
0 1 
 
0  
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Table 3.2: Rate equations (pj) of the developed model. 
NO PROCESSES RATE 
 
1 Anaerobic hydrolysis of XS  
2 Anaerobic  growth on  -Acidogenesis (Growth of  ) 
 
3 Growth on propionata -Acetogenesis (Growth of ) 
 
4 Acetoclastic Methanogenesis (Growth ) 
 
5 Autotrophic Methanogenesis (Growth of ) 
 
6 Lysis of XOHO  
7 Lysis of XAHO  
8 Lysis of XMHO  
9 Lysis of XMAO  
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4.  MATERIAL AND METHODS 
4.1 Conceptual Approach 
Within the scope of the work of wastewater treatment plant modeling, Anadolu Efes 
Lüleburgaz, biological treatment plant was selected. Anadolu Efes is the sector 
leader of Turkey with a market share of 79%. Anadolu Efes biological waste water 
treatment is including aerobic and anaerobic treatment processes.   
 First, the influent wastewater characterization of the plant for the year of 
2010 analysis results were used.  
 Using the literature models, a new model was developed for brewery waste 
water anaerobic treatment process. 
 Then, the facility was modelled with developed model under steady-state 
(based on annually average results) conditons. According to steady state 
conditions,  kinetic and stoichiometric values are determined for brewery 
industry. With these values the dynamic conditions (daily basis dynamics) are 
modelled for one year. 
 Finally, the calibrated model results were compared with plant’s operation 
conditions. These evaulation can be used for the energy efficiency and 
optimizaton operational conditions of the plant. 
4.2 Efes Pilsen Lüleburgaz Plant 
Anadolu Efes is a company that produces and market beer, malt and non-alcoholic 
beverages in wide range of geography including Turkey, Russia, Central Asia and 
Middle East. It is founded in 1969 with two breweries in Turkey with total 
production capacity of 0,3 million hl per year. Anadolu Efes become the leader in 
Turkish beer market in a short period of time. Anadolu Efes is the significant 
regional player with 18 breweries, 7 malteries 1 hops processing facility in 6 
countries. It is leader of Turkey with 83% market share in this sector with 5 
breweries, 2 malt and 1 hop processing plant located in Turkey. It has 10,4 mhl beer 
production capacity. 
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Efes Pilsen Luleburgaz Plant has started production in 1998. Production capacity is 
for filling 677,000 hl, malt production 633,000 hl. It has total 94,710 m
2
 area with 
23,735 m
2
 closed malt and beer production area. 
4.2.1 Wastewater treatment plant 
The wastewater from the production of the plant and internal domestic wastewater of 
the plant is treated in the wastewater treatment plant that included physical and 
biological processes. Also production waste from the process which is waste yeast is 
mixed with wastewater and goes through waswater treatment plant. The flow 
diagram of the plant is shown Figure 4.1.  
According to data that belongs to treatment plant is evaulated and based on one year 
operation data average daily wastewater characterization is found. It is shown in 
Table 4.1. 
Tablo 4.1: Average annual wastewater characterisation of the Efes Pilsen 
                            wastewater treatment plant. 
Parameter Value Unit 
Average Flowrate, Q 577 m
3
/day 
BOD5 2,654 mg/l 
COD 4,740 mg/l 
TSS 953 mg/l 
Temperature 30 
o
C 
pH 7.25 - 
TN 38 mg/l 
TP 15 mg/l 
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Figure 4.1: The Flow diagram of the wastewater treatment plant of Efes Pilsen. (Görgün et al, 2007).
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The capacity of the treatment plant is approximately 1500 m
3
/day. The treatment 
plant is consist of; 
 Screen Channel 
 Lifting Tank 
 Primary Clarification 
 Balance Tank 
 Conditioning Tank 
 EGSB Anaerobic Reactor 
 Selector Tank 
 Aeration Tank 
 Secondary Clarification 
 Sludge Thickening Tank 
 Decanter 
4.2.1.1  The anaerobic treatment reactor of the plant 
In the plant EGSB type anaerobic reactor is used for the anaerobic treatment. This 
reactor has 337 m
3 
capacity. The length of the tank is 13.2 m and diameter is 5.7 m. 
The wastewater circulation between conditioning tank and anaerobic tank is provided 
2 pcs, each 7.5 kw and 91 m
3
/h capacity pumps. 
An expanded granular sludge bed (EGSB) reactor is a variant of the UASB reactor. 
The distinguishing feature is that a faster rate of upward-flow velocity is designed for 
the wastewater passing through the sludge bed.  The increased flux permits partial 
expansion (fluidization) of the granular sludge bed, improving wastewater-sludge 
contact as well as enhancing segregation of small inactive suspended particle from 
the sludge bed. High rate mixing conditions provide high granulation property to 
sludge and organic loading rate of the reactor can be increased to 30 kgCOD/m
3
. The 
increased flow velocity is either accomplished by utilizing tall reactors, or by 
incorporating an effluent recycle (or both).  
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The COD removal efficiency of the EGSB type reactor for beer wastewater was 
obtained between %85-%93 at low (15 
O
C) and medium (35
 O
C ) temperature. The 
higher hydraulic loading rate is more suitable at low temperature for beer wastewater 
that is found by experimentally (Connaughton et al., 2006). 
The inlet wastewater characterisation of the EGSB reactor is shown Table 4.2. 
Before introduction of wastewater in a EGSB reactor, the conditions of the 
wastewater are optimised for anaerobic biomass in a conditioning tank. In the 
conditioning tank pH and temperature are corrected and micronutrients can be added 
to the wastewater if required. After conditioning the wastewater is pumped into the 
reactor, and evenly distributed over the reactor bottom through an influent 
distribution system. The wastewater passes through a dense bed of anaerobic 
granular biomass, typically consisting of self forming black pellets with a diameter of 
2-4 mm. The granular biomass is characterized by a high settling velocity of >50 m/h 
and a density of 40-80 kg Dry Solids/m³. In top of the reactor, the biomass, produced 
biogas and treated water are seperated by a three phase separator (settler). The 
treated water is discharged to the conditioning tank where part of it is mixed with the 
feed water and recirculated to the reactor. The recycling rate from the reactor to 
conditioning tank is 2.4-3 of the plant. Produced biogas is also conveyed to the gas 
chamber of the conditioning tank before further utilization. By recirculation of the 
treated water and removing of degassing CO2 with the biogas stream from the 
conditioning tank the required caustic use for wastewater neutralization is reduced by 
recycling of alkalinity. Since both the conditioning tank and the EGSB reactor are 
operated gas tight, the system is odour free and gas holder for gas storage is not 
necessarily required. Additionally an emergency flare is always located close to the 
anaerobicreactor.  
EGSB Technology is 100% natural and it make use of the naturally occuring 
anaerobic microbes to deal with wastes. EGSB Reactor is the main component of this 
system. It includes a tank with a water inlet distribution system at the bottom. 
Bacterial sludge blanket is developed inside the reactor. As the effluent passes 
through the bio-film, the biodegradable matter contained in it is degraded. This 
brings down the BOD and COD significantly.  
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Figure 4.2: The EGSB reactor of the plant. 
Table 4.2: The wastewater characterisation of the inlet EGSB reactor. 
Parameter Unit Value 
Q   m
3
/day 435 
COD mg/lt 3,750 
TSS mg/lt 943 
4.3 Model Implementation Using Operational Data 
4.3.1 Simulation 
The model was calibrated and verified by Aquasim (www.eawag.ch), a program 
designed mainly for conducting research with tools for parameter estimation and 
sensitivity analysis of the model. The program AQUASIM was designed for the 
identification and simulation of aquatic systems in the laboratory, in technical plants 
and in nature. It performs the four tasks of 
 simulation, 
 identiability analysis, 
 parameter estimation, 
 uncertainty analysis. 
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A simulation run usually starts with finding a steady state by means of forward 
integration. An integration period 5 times the HRT is necessary to find an effective 
steady state withless than 1% deviation. After reaching steady-state conditions, 
dynamic simulation data are calculated with the aid of forward integration on the 
basis of a feed variation file. In steady state calculation, the average biomass 
composition was tried to be obtained prior to dynamic simulation. 
The program offers a free definition of the biokinetic model, flow scheme, and 
process control strategies, graphic support of the simulation, and experimental data 
as well as communication with spreadsheet programs. 
4.3.2 The Wastewater COD Fractions For Simulation  
For the brewery wastewater, the readily biodegradable COD fraction (SS) was 
determined as the 9% of the total COD, readily hydrolysable fraction (SH) consisted 
of 78% and the slowly hydrolysable portion (XS) was determined as 9% of the total 
COD Karlikanovaite et al (2012). According to this study the brewery wastewater 
COD fractions considered as Table 4.3 for the simulation. 
Table 4.3: COD fractions of brewery wastewater for simulation 
COD Fraction Abbreviation Fraction of CT 
Total COD CT %100 
Soluble COD ST %89 
Particulate COD XT %11 
Fermentable COD SF %87 
Soluble Inert COD SI %2 
Slowly Biodegradable COD XS %9 
Particulate Inert COD XI %2 
4.3.3 Steady State Simulation 
Firstly the plant was modelled in steady state conditions. For the steady-state 
conditions model implementation, the average influent data of the plant presented in 
the Table 4.3 for 2010 were used at operating conditions and the model calibrated. 
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For the anaerobic modeling of the plant the stoichiometric and kinetic values are 
selected according to between described literature values (Table 4.4). The EGSB 
reactor was regarded as a CSTR system because the effects of the high recirculation 
rate Brito and Melo (1995). Therefore the EGSB reactor is accepted as CSTR system 
in this study. 
When simulating the model according to steady state conditions the results give the 
model’s, kinetic and stoichiometric values for brewery anaerobic wastewater 
treatment. The default values for model was initially used, then the parameters were 
tuned individually to fit the simulation result on experimantal data.  
 Table 4.4: Influent wastewater characterization used in steady-state simulation 
Parameters Abbreviation Unit Measurement 
Sludge retention time SRT d 20 
Influent flowrate Q m
3
/day 435 
Influent total COD COD0 mg/l 3,750 
TSS TSS0 mg/l 943 
pH   7.3 
 
Table 4.5: Kinetic and stoichiometric values of the literature models 
Parameters SIEGRIST BATSTONE SAM SOON ADM1 (RANGE) 
kH (1/day) 0.25 0.25 0.381 0.041-1.94 
kd_OHO (1/day) 0.8 0.02 0.041 0.01-3.20 
kd_AHO (1/day) 0.06 0.02 0.015 0.01-0.04 
kd_MHO (1/day) 0.05 0.02 0.037 0.012-0.036 
kd_MAO (1/day) 0.3 0.02 0.01 0.009-0.30 
µOHO (1/day) 4 3 0.8 0.41-21.25 
µAHO (1/day) 0.60 0.52 1.15 0.02-1.07 
µMHO (1/day) 0.37 0.4 4.39 0.1-0.474 
µMAO (1/day) 2 2.1 1.2 2-2.6 
KF (gCOD/L) 0.05 0.5 0.15 0.023-0.630 
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KPR (gCOD/L) 0.02 0.3 0.01 0.020-1.146 
KA (gCOD/L) 0.04 0.15 0.000832 0.028-0.930 
KH2 (gCOD/L) 0.001 2.5*10
-5 
0.0025 0.000088-10
-6
 
KI_H2 (gCOD/L) 10
-6 
3.5*10
-6 
  
4.3.4 Dynamic simulation  
For the dynamic simulation model implementation, daily plant results for influent 
wastewater characterization and the other operating parameters were used and the 
model calibrated. The annually result are used and calibrated. According to modeling 
result the exist operation conditions are evaulated. These evaulation can be used for 
the energy efficiency and optimizaton operational conditions of the plant. This model 
can be used as a supporting tool for the operation of the plant. The effluent data of 
the plant could be well characterized with the model. 
The plant’s EGSB anaerobic reactor’s daily results of year 2010 were used for the 
simulation. The flow, COD inlet and outlet TSS influent and effluent OLR and pH 
values are shown below figures.  
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Figure 4.3: The inlet flow of the plant. 
  
Figure 4.4: TSS influent  and TSS effluent values of the EGSB reactor. 
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Figure 4.5 The COD inlet values of the EGSB reactor 
 
Figure 4.6: The COD outlet values of the EGSB reactor  
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Figure 4.7: The OLR values of the EGSB reactor 
 
Figure 4.8: The pH values of the EGSB reactor
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5.  RESULTS AND DISCUSSION 
5.1 Steady State Simulation Results 
With treatment plant’s annual average data the new developed model is calibrated 
and some kinetic and stoichiometric values are determined for the brewery 
wastewater (Table 5.1). When determined these values the different values are used 
several times and the most suitable ones are verified for the brewery wastewater. 
Also the steady state simulation result of the model to comparing wastewater 
treatment plant’s data is shown Table 5.2.  
Table 5.1: Kinetic and stoichiometric values that are determined for the model. 
Considerations Symbol Unit Value Default Value 
(ADM) 
Hydrolysis rate constant khyd d
-1
 1.7 0.041-1.94 
Maximum growth rate of ordinary 
heterotrophic organisms 
µOHO d
-1 
4 0.41-21.25 
Max.specific growth rate of 
acetogenesis organisms 
µAHO d
-1
 0.6 0.02-1.07 
Max.specific growth rate of 
acetoclastic methanogen 
organisms 
µMHO d
-1
 0.37 0.1-0.474 
Max.specific growth rate of 
hydrogenotrophic methanogen 
organisms 
µMAO d
-1
 2 2-2.6 
Yield of  ordinary heterotrophic 
biomass 
YOHO g cellCOD/ 
gCOD 
substrate 
0.12 0.01-0.17 
Yield of  acetogenesis biomass YAHO g cellCOD/ 
gCOD 
substrate 
0.08 0.025-0.050 
Yield of acetoclastic methanogen 
biomass 
YMHO g cellCOD/ 
gCOD 
substrate 
0.07 0.014-0.076 
Yield of  hydrogenotrophic 
methanogen biomass 
YMAO g cellCOD/ 
gCOD 
substrate 
0.05 0.014-0.060 
Endogenous decay coefficient for  
ordinary heterotrophic organisms 
kd_OHO d
-1
 0.08 0.01-3.20 
Endogenous decay coefficient for  kd_AHO d
-1
 0.08 0.01-0.04 
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acetogenesis organisms 
Endogenous decay coefficient for  
acetoclastic methanogen 
organisms 
kd_MHO d
-1
 0.18 0.012-0.036 
Endogenous decay coefficient for  
hydrogenotrophic methanogen 
organisms 
kd_MAO d
-1
 0.18 0.009-0.30 
Half saturation constant for 
anaerobic fermentation 
KF g COD/L 0.025 0.023-0.0630 
Half saturation constant for 
propionate degradation 
KPR g COD/L 0.025 0.020-1.146 
Half saturation constant for 
acetate degradation 
KA g COD/L 0.42 0.028-0.930 
Half saturation constant for 
uptake of hydrogen 
KH2 g COD/L 2.5x10
-
5 
0.000088-10
-6
 
Rate coefficient base/acid 
conversion 
KAB M
-1
d
-1 
10
8 
10
8
 
High pH inhibition level for XOHO pH OHO 
HH 
 8.5 5.5-8.5 
High pH inhibition level for XAHO pH AHO 
HH 
 8.5 5.5-8.5 
High pH inhibition level for XMHO pH MHO 
HH 
 8.0 6.7-8.5 
High pH inhibition level for XMAO pH MAO 
HH 
 8.0 6-6.7 
Low pH inhibition level for XOHO pH OHO LL  5.5 4-4.5 
Low pH inhibition level for XAHO pH AHO LL  5.5 4-6 
Low pH inhibition level for XMHO pH MHO 
LL 
 6.0 5.8-6 
Low pH inhibition level for XMAO pH MAO 
LL 
 6.0 5-5.8 
 
Table 5.2: Steady State Simulation Results 
Parameters Unit Effluent of EGSB Model Results 
COD  mg/lt 957 835 
TSS  mg/lt 781 785 
Biogas m
3
/day 805 784 
pH - 7.38 7.35 
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According to steady state simulation results; we can say the anaerobic reactor’s 
removal efficiency is approximately 76%. The COD removal efficiency of the EGSB 
type reactor for brewery wastewater was obtained between %85-%93 at low (15 
O
C) 
and medium (35
 OC ) temperature. According to these value, the plant’s anaerobic 
reactor is working less removal efficiency. Also the EGSB reactor is generally can 
achieve extreme organic loading rates (exceeding 30 to 40 kgCOD/m
3
.d). But in the 
plant the average OLR is 5 kg COD/ m
3
.d. According to this value we can say that 
anaerobic reactor is working less capacity.  
5.2 Dynamic Simulation Results 
In the dynamic simulation, daily operational datas in 2010 were used for modeling. 
The results of the simulation was evaluated with the plant data together in the 
dynamic simulation figures below. 
Simulation result shown in Figure 5.1, for most days of the year, effluent TSS 
concentrations and the model results are close to each other. From the results, TSS 
removal for the facility is nearly %17. However, some differences appear in the 
figure from the model result because of the plant operation conditions (shock loads, 
anaerobic reactor operation conditions etc.). Also we can say with this result the TSS 
removal efficiency very low. In the reactor there is accumulation of the solids 
therefore the removal efficiency of TSS very low.  
pH simulation results shown in Figure 5.2, pH values under operating conditions is 
sligthly more than the model results in period of March-May and end of the year. In 
operational conditions HCL and NaOH chemicals are added for the adjusting pH 
value therefore this effects the operational pH values and some differences appear 
from the model results.  
Simulation results shown in Figure 5.3 for effluent COD concentrations. The effluent 
concentration of the system is equal to the sum of XT andST. XT is equal to sum of  
the total biomas concentration produced in the system, particulate inert COD XI and 
slowly biodegradable COD Xs. ST is equal to sum VFA concentrations, fermentable 
COD SF and soluble inert COD. From begining of the year untill April 2010, the 
effluent COD concentrations are close to model results. Since April there are some 
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changes from model result because of the plant operation conditions in the summer 
time, wastewater characterisation and some adjusments for the anaerobic reactor.  
Simulation results shown in Figure 5.4 for the VFA concentration. VFA 
concentration is represented as the sum of the acetate, acetic acid, propionate and 
propionic acid. As shown in the figure SPR is quite smaller than SAC in the model 
already acetate is considered in the system.  
Simulation results shown in Figure 5.5 for the total biogas flowrate of the EGSB 
plant. Generally the biogas concentration of the plant is similar to model results. 
Good prediction of gas production is imporatant because it provides a direct 
indication of the removal efficiency of the process. According to steady state 
simulation result the approximately average 2.14 m
3
 biogas/m
3
reactor is produced.  
As shown table 5.1 the growth rates, yield of biomass, decay coefficients, half 
saturation coefficients and the pH values are calibrated and verified with the 
literature. These values are in the range of the literature values. These values are 
suitable for the brewery wastewater and can be used for it. 
. 
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Figure 5.1: Dynamic simulation results of the TSS concentrations 
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Figure 5.2: Dynamic simulation results of the pH values. 
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Figure 5.3: Dynamic simulation results of the effluent COD. 
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Figure 5.4: Dynamic simulation results of the VFA. 
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Figure 5.5: Dynamic simulation results of the Biogas.
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In the Figure 5.6 the biomass composition of the system is shown. The most 
abundant biomass are Particulate Inert COD (XI) and Ordinary heterotrophic biomass 
(XOHO) that each one has 33% of the total biomass.  
 
Figure 5.6: The biomass composition of the system. 
In the Figure 5.7 the OLR and F/M rate are shown of the system. According to these 
results; the max OLR of the sytem is 15 kgCOD/m
3
.day. Even this OLR value is less 
than EGSB reactor’s literature value. Therefore the EGSB reactor is not working 
with efficient capacity. Also this results show when OLR is increasing F/M rate is 
incresing. The system is verified with this result.  
According to all these results we can mainly say that, the model is succesfully 
implemented in the dynamic simulation for the Efes Pilsen plant. According to OLR 
of the anaerobic reactor the reactor is not working with sufficient capacity. Also in 
the anaerobic reactor there is biomass accumulation therefore some adjustments must 
be made for taking out the sludge. In the system the TSS removal efficiency is not 
enough. Based on the model also the primary clarification proses, the operational 
conditions of the plant must be checked and remedied 
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Figure 5.7: The OLR and F/M rate of the plant. 
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6.  CONCLUSION   
The anaerobic model is a powerful tool to describe the dynamic behavior of 
mesophilic or thermophilic digestion or treatment 
The number of models presented in literature is extensive, and often of very specific 
nature. The most frequently used model, ADM1 developed by the IWA, forms a 
good basis and is often used in expanded models, as proposed by, e.g. Sötemann et 
al.. Simpler models for digestion have been proposed by, e.g. Bala, Siegrist and 
others. Generally all these models are used for domestic digestion sludge. 
This study showed that a full scale industrial anerobic treatment plant can be 
simulated with a newly developed anaerobic model. This model has some advantages 
they are; 
 This anaerobic model is developed based on literature models. This model 
can be used for modeling of anaerobic wastewater treatment plants and also 
industry’s waste water treatment plants. 
 This model is suitable for directly integration to ASM modeling. 
 To use not only for sludge stabilization also to use wastewater anaerobic 
treatment processes. 
 It is successfully implemented in the dynamic simulation. 
 It is suitable for removing interface between of ASM and ADM. 
 The calibrated parameters can be used for brewery wastewater. 
 The calibrated model can be used system optimization.  
 COD based influent wastewater characteristics can easily be applied in as 
influent wastewater characterization. 
 Hydrolysis process is the rate limiting step  
 No detailed characterization is required like lipids, carbohydrates etc. 
 The process simply runs on propionate and acetate  
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In the future studies this study can be developed for other industries. The wastewater 
characterization can be different for other industries therefore different stoichiometry 
can results. With experiments studies this stoichiometry. 
Also obtaining for more detail calibration results of the modelling, it can be 
measured VFA concentrations with experiments and other COD fractions can be 
extended. 
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